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Abstract 
There has been growing concern about the potential link between various health 
effects, such as cancer and chronic exposure to low level Electromagnetic 
Radiation (EMR). 
 
A report on residential exposure to 50 / 60 Hz electromagnetic radiation, 
published by the United Kingdom’s National Radiation Protection Board 
(NRPB) found: 
 
“that there is some epidemiological evidence that prolonged exposure to 
higher levels of power frequency magnetic fields is associated with a small 
risk of leukaemia in children (AGNIR, 2001).” 
 
The report concluded that: 
“heavy exposures of 0.4µT (4 mG) or more are associated with a doubling 
of the risk of leukaemia in children under fifteen years of age.  The 
evidence is, however, not conclusive (AGNIR, 2001).” 
 
Even though there has been no conclusive scientific evidence that there is a direct 
relationship between cancer and chronic exposure to low level EMR there is 
sufficient evidence to justify minimising exposure levels. 
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Regions of particular interest in the electromagnetic spectrum are the Extremely 
Low Frequency (ELF) 50 - 60 Hz, Very Low Frequency (VLF) 10 - 100 kHz and 
Radio Frequency (RF) 100 kHz - 300 GHz bands. 
 
Remote area power supply (RAPS) systems are becoming increasingly prevalent.  
These systems tend to use renewable energy sources and their associated 
technology rather than the conventual power supply systems.  Recently some 
concerns have been raised about the levels of EMR being emitted from these new 
forms of technology.  Some of the inverters transforming the generated direct 
current (dc) to alternating current (ac) have produced significant levels of EMR.  
These devices are often located close to living areas and therefore increase the 
hazards to residents. 
 
While the main aim of these systems is to replace non-renewable energy sources 
and reduce greenhouse gas emissions, they should also be designed to minimise 
the doses of EMR to which users are exposed. 
 
This type of technology is still immature, and innovations are occurring rapidly.  
While there is currently no proven link between exposure to EMR and health 
effects, various concerns have been raised and the design and production of 
renewable energy technology that has reduced or very low emissions of EMR has 
obvious advantages. 
 
EME Emissions from RAPS Systems 2002 
 Page 5 
This thesis examines the various frequencies of EMR produced by typical remote 
area power supply systems (RAPS).  The strengths of these fields are measured 
using various types of monitoring equipment and the health hazards examined. 
 
This research was conducted on a range of RAPS equipment including diesel 
generators and inverters.  Fields were measured at various orientations as a 
function of distance from the sources.  Even though no levels above the current 
health standards were found some magnetic fields above the 4 mG mark were 
measured.  This level has been identified as a possible action level for chronic 
exposure to EMR. 
 
The analysis of these results enables the qualitative assessment of the hazards 
associated with RAPS systems.  This leads to a set of recommendations to health 
authorities on sensible measures to be adopted to minimise the hazards to the 
users of these systems. 
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Introduction 
Remote area power supply (RAPS) systems are usually designed to suit 
individual power supply needs.  They contain different combinations of 
renewable and fossil fuel power supplies.  The make-up of these combinations 
depends on the location and load requirements of the system. 
 
In many situations the solar panels or inverters are placed close to the dwelling 
(eg solar panels on the roof or inverters against the outer wall) due to design or 
engineering constraints. 
 
The placement of these components in close proximity to areas regularly 
occupied by the residents may result in them being exposed to the various 
electromagnetic radiation (EMR) emissions from them. 
 
The purpose of this thesis is to measure the EMR from RAPS system 
components in order to assess whether they pose any health risk to humans. 
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1 Remote Area Power Supply Systems 
Remote area power supply (RAPS) systems are designed to provide electrical 
power to sites that are remote with respect to the main electricity grid.  The word 
“remote” does not necessarily mean the site requiring power is actually a long 
distance from the grid, in many cases it just means that connection to the main 
grid is more expensive or impractical than the alternatives (eg navigation aids, 
highway signs, etc). 
 
The RAPS system generally gets its energy from a renewable energy source (eg 
solar, wind, tidal or hydro).  This renewable energy system is usually backed up 
by some form of mechanical generator (eg petrol, diesel, gas or steam driven). 
 
In Western Australia the main electrical power supply grid is known as the 
South-West interconnected grid (Figure 1.1) and it supplies most of the south-
west of Western Australia’s electrical power.  The electrical power is generated 
by several large coal and gas fired power stations. 
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Figure 1.1 The South-West Interconnected Grid (WPC, 2000 
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1.1 Types of RAPS Systems 
There are three main types of RAPS systems: 
Type 1: Fossil fuel – consists of a (diesel or petrol) generator only – Figure 1.2. 








Type 2: Hybrid System- combines renewable sources of energy (solar, wind and 
hydro) with a generator back-up – Figure 1.3. 
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Type 3: Renewable Powered – consisting of one or more types of renewable 
energy devices plus battery backup.  These are used mainly for small 
scale applications such as navigation systems – Figure 1.4. 
 
Figure 1.4 Renewable Powered RAPS System (Wilmot, 1994) 
 
 
1.2 Main Components of a RAPS System 
There are three main categories of components of a RAPS system can classified 
into: 
1. Energy Generation Equipment – such as diesel generators, solar 
panels and wind turbines. 
2. Energy Storage Equipment – usually batteries. 
3. Power Conversion and Control Equipment - controllers and inverters 
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1.2.1 Energy Generation Equipment 
1.2.1.1 Mechanical Generators 
The individual use of diesel or petrol generators as the sole electrical energy 
source is fairly typical in remote residential applications (Figure 1.5). 
These devices are required to adhere to an Electromagnetic Compatibility (EMC) 
scheme.  The purpose of this scheme is to minimise the electromagnetic 
interference between electronic products, to contain interference levels which 
would otherwise diminish the performance of electrical products or disrupt 
essential communications (ACA, 1999). 
Figure 1.5 MUERI RAPS Display Petrol Generator 
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1.2.1.2 Solar Panels 
Solar panels or photovoltaic modules convert sunlight (solar energy) into 
electrical energy (Figures 1.6, 1.7 and 1.8).  These panels usually produce low 
voltage (eg 12 Volt) DC power that must be inverted and transformed for use by 
AC appliances. 
Figure 1.6 Solar Panel Array 
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Figure 1.7 Solar Panel Array 
 
Figure 1.8 Solar Panel Array 
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1.2.1.3 Wind Turbines 
Wind turbines convert the energy from wind into electrical energy (Figure 1.9).  
The output is generally AC and may need to be transformed for domestic use 
 
Figure 1.9 20kW Wind Turbine with 5kW turbine in the background 
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1.2.2 Energy Storage Equipment 
Wind and solar energy are not available twenty-four hours a day.  For this reason 
there is a need for energy storage which allows energy to be available when 
required.  Batteries are the main system used to store the energy for later use 
(Figure 1.10). 
 
Figure 1.10 Battery Bank for a RAPS System 
 
1.2.3 Power Conversion and Control Equipment 
The electrical current produced by the solar panels, wind turbines and the 
batteries is direct current (DC) with a low voltage.  Most of the standard 
electrical appliances in Western Australia operate on alternating current (AC) at 
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two hundred and forty volts.  Inverters are used to convert the DC to AC making 
it possible to use standard electrical appliances with RAPS systems (Figure 1.9). 
 
Figure 1.11 Inverter – Sine Wave Inverter 
 
 
EME Emissions from RAPS Systems 2002 
 Page 23 
2 Electromagnetic Radiation 
2.1 Electric Fields 
Electric fields are the result of a system of electric charges that exert influence 
over each other.  The electric field will also influence the motion of other charges 
when they are located within this field.  This electric field has both direction and 
magnitude so it can be represented by the vector quantity E.  The force that an 
electric field exerts on a charge (positive or negative) placed within its sphere of 
influence is expressed as: 
 
F = (±)qE Equation 1 
 
The electric field strength can be specified in units of newton / coulomb (NC-1).  
However, the location and size of the conductors (physical geometry) heavily 
influence the measurement of this quantity in this system.  Due to this influence 
it is generally more appropriate to measure the electrical potential (V) of the 
electric field. 
 
The potential difference is the work (W) required to move a charge (q), at 
constant speed from one point to another within an electric field. 
 
V = W/q Equation 2 
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We know that work is equal to the force times the distance (W = Fd) and by 
substituting equation 1 into this formula we get: 
 
W = qEd Equation 3 
 
By rearranging equation 2 we get an expression for W which can be substituted 
into equation 3 giving an expression for the magnitude of the electric field 
strength in terms of the potential difference between two points (Equation 4). 
 
E = V/d Equation 4 
 
The units used for the electric field strength are therefore volts per metre (Vm-1).  
Which are equivalent to NC-1. 
 
2.2 Magnetic Fields 
The flow of electric charges results in the formation of a magnetic field that has 
direction and magnitude.  Either the vector quantity H (magnetic field strength) 
or the vector quantity B (magnetic flux density or magnetic induction) can 
represent the magnetic field.  The relationship between the quantities is: 
 
B = µH Equation 5 
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Where µ = 4π x 10-7 Hm-1 (henry per metre) - the constant of 
proportionality (the magnetic permeability) in air, a 
vacuum and non-magnetic materials. 
 
Magnetic fields can only influence charges when they are in motion. 
The Lorentz force that a magnetic field exerts on a charge q (positive or 
negative) moving perpendicular to the field can be expressed as: 
 
 
F = q v x B Equation 6 
Where v = velocity of the charge q 
 
The direction of the Lorentz force is perpendicular to both the velocity and the 
magnetic flux density.  A magnetic field only does work if the charged particle 
travels perpendicular to and not parallel the magnetic flux density. 
 
The units used when indicating the magnetic field strength are ampere per metre 
(A/m), gauss (G) or the SI unit tesla (T). 
 
0.1 µT = 1 mG = 80mA/m Equation 7 
 
2.3 Radiation 
Radiation is a form of energy transfer as a stream of particles or electromagnetic 
waves.  Other methods of energy transfer are conduction or convection. 
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2.3.1 Ionising Radiation 
Radiation or energy that is able to break molecular bonds inside cells is called 
ionising radiation.  The breaking of these bonds could be the initiator for the 
development of a tumour.  Examples of these types of radiation are x-rays, 
gamma rays and cosmic radiation. 
 
2.3.2 Non-Ionising Radiation 
Radiation energy that is unable to break molecular bonds inside cells is referred 
to as non-ionising radiation.  Examples include ultraviolet (UV), visible light, 
infra-red, RF, MW, extremely low frequency (ELF), static electric and magnetic 
fields. 
 
2.4 Electromagnetic Radiation 
Electromagnetic radiation or energy (EMR or EME) is a wave consisting of time-
varying electric and magnetic field components that travel or radiate through 
space.  EMR travels at a constant speed of 300,000,000 or 3 x 108 metres per 
second (speed of light). 
The theoretical basis for all classical electromagnetic field theory is Maxwell’s 
Equations.  Even though these equations are very powerful, they are difficult to 
solve for interactions of EMR with biological systems. 
For this reason using the concept of wave propagation to illustrate how 
electromagnetic radiation behaves is appropriate (Figure 1). 
EME Emissions from RAPS Systems 2002 
 Page 27 




EMR can be described by the formula: 
c = λ f 
 
Where wavelength (λ) – is the distance between 
successive crests or troughs of the wave. 
frequency (f) - is the number of waves that pass 
a given point in a given time, typically 1 
second. 
 
The two main models of wave propagation that are used are spherical waves and 
plane waves. 
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2.4.1 Model Spherical Waves 
The wavefronts and every crest and trough have spherical surfaces.  The electric 
and magnetic fields are constant for each of these spherical surfaces.  The electric 
and magnetic fields are orthogonal to the spherical surfaces and to each other.  
The wavefronts themselves travel outwards from the source in a radial pattern. 
 
2.4.2 Model Plane Wave 
Far away from the source, the electromagnetic wave can be assumed to be a 
model plane wave.  The characteristics of this model are: 
• The wave fronts are planes (spheres with very small curvature). 
• E and H and the direction of propagation k are all mutually 
perpendicular. 
• The E and the H fields have the same phase.  This means that the 
ratio E/H is constant.  This ratio is called the impedance (Z) of 
free space.  For free space Z =377 ohms (Ω). 
• E and H are constant in any plane perpendicular to the direction 
of propagation. 
 
2.4.3 Power Density 
The energy carried in an electromagnetic wave is usually expressed in terms of 
energy passing through a fixed area per unit time, referred to as the power 
density (S).  For a point source, the area that the energy passes through increases 
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in size at a rate of the square of the distance from the source (inverse square law).  
Assuming that the wave originates uniformly from a theoretical isotropic radiator 
in free space, this means that the power density is inversely proportional to the 
square of the distance from the source.  This is a consequence of Gauss’s Law. 
 
S  ∝  1/r2   Equation 9 
 
The power density at any point may be calculated from the vector product of the 
electric and magnetic field strength vectors 
 
S = E x H Equation 10 
Where E is the electric field strength (V/m) 
H is the magnetic field strength (A/m) 
S is the power flux density (Wm-2) 
 
This is called the Poynting Vector and represents the power density and the 
direction of the energy of propagation. 
The power density can also be calculated using the following formula: 
 
S = P/4πr2 Equation 11 
Where P is the total radiated power (W) 
r is the distance from the source (m) 
 
The power density S is expressed in the units of watt per square meter (Wm-2) 
and is typically calculated for a plane wave in free space. 
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When the impedance of free space is constant ie E/H = 377Ω there is a 
relationship between the power density, the electric and magnetic field strengths. 
 
S = EH = E2 / 377 = H2 / 377 Equation 12  
 
In regions where the model plane wave is valid (far-field) the power density of 
the field can be calculated by measuring either the electric or magnetic field 
strength. 
 
For regions where the plane wave model is not valid (near-field) and the 
impedance is not constant, the power density cannot be calculated by just 
measuring either the electric or magnetic field.  This is because the electric and 
magnetic fields are not always orthogonal to each other and the maxima and 
minima of the fields do not occur at the same points. 
The structure of the electromagnetic field in these regions is inhomogeneous with 
the impedance varying significantly from the 377Ω constant for far field 
conditions.  In some areas of these regions there could be a large electric field 
and not much of a magnetic field and in other areas the reverse could apply. 
The electric and magnetic fields located in these near-field regions could be non-
propagating and are referred to as reactive near-fields, evanescent or fringing 
fields. 
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2.5 Electromagnetic Spectrum 
The electromagnetic spectrum is broken up into various sections or bandwidths. 
 




2.5.1 Types of Electromagnetic Radiation 
2.5.1.1 Gamma Rays and X-rays 
This radiation has very high energy and great penetration power.  Because of this 
high energy they may ionise (cause to become charged) molecules in the body’s 
cells and disrupt the chemistry of the cell.  This effect disrupts the proper 
function of the cell and may cause the cell to become cancerous.  If the dosage is 
sufficiently high enough, it may even kill the cell. 
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2.5.1.2 Ultraviolet Light 
Ultraviolet radiation (UV) is high energy; invisible light that does not penetrate 
very deeply into the body.  Some UV radiation has sufficient energy to cause 
ionisation.  UV radiation causes premature aging of the skin, skin cancer and is 
responsible for the tanning of the skin.  UV light will damage the nerve endings 
in the retina of the eye.  For that reason, sources of UV must not be viewed 
directly.  Sources of UV include lamps, electric arc welders and the sun. 
 
2.5.1.3 Visible Light 
Visible light has a very narrow frequency range that stimulates the sensitive 
nerve endings in the retina of the eye.  Different nerve endings respond to 
different frequencies resulting in the perception of colour.  Very strong light can 
“overload” these nerve endings which may cause a decrease in their sensitivity, 
resulting in reduced vision.  If the light was not too strong this effect may be 
temporary but with excessive levels the effect can be permanent. 
 
2.5.1.4 Infra-red Radiation 
Infra-red (IR) radiation is often referred to as heat rays.  Those molecules that 
have a natural vibrational frequency equal to the frequency range of infra-red 
readily absorb infra-red rays.  A resonance effect occurs and the molecules 
vibrate vigorously as the radiation is absorbed.  This vibration (called kinetic 
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energy) represents the heat content of the molecule.  As the kinetic energy of the 
molecule increases so does its heat content and the temperature rises. 
2.5.1.5 Extremely Low Frequency 
Extremely low frequency (ELF) radiation refers to the electromagnetic radiation 
at the lower end of the electromagnetic spectrum that have extremely low 
frequencies and energies.  They cannot transfer significant amounts of energy to 
human tissue because it is low energy and doesn’t match the vibration 
frequencies of molecules in the human body. 
 
2.5.1.6 Radiofrequency Radiation 
Radiofrequency (RF) radiation is the commonly used term when talking about 
emissions from radio and TV antennas.  The band of frequencies used for radio 
and TV broadcasts is 3 kHz to 1 GHz. 
 
2.5.1.7 Microwave Radiation 
Frequencies above 1 GHz to 300 GHz are described as microwaves (MW).  
Typically this describes the region where mobile phone communication systems 
operate.  MW radiation, like infra-red radiation, has frequencies that are close to 
(or match) the natural frequency of vibration of many of the molecules making 
up the body. 
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Table 2.1 Typical Wavelengths of the Electromagnetic Spectrum 
 
Type Wavelength Frequency (s-1) Energy (eV) 
Cosmic rays 3 x 10-24 1032 4 x 1017 
Gamma rays 3 x 10-12 1020 4 x 105 
X-rays 3 x 10-10 1018 4 x 103 
Ultra violet 3 x 10-9 1017 4 x 102 
Visible 3 x 10-8 1016 40 
Infra red 3 x 10-6 1014 0.4 
Microwaves 3 x 10-4 1012 4 x 10-3 
Radar 3 x 10-2 1010 4 x 10-5 
VHF FM 3 108 4 x 10-7 
Short-wave 3 x 102 106 4 x 10-9 
Long-wave 3 x 104 104 4 x 10-11 
VLF 3 x 105 103 4 x 10-12 
ELF 6 x 106 50-60 2 x 10-14 
 
The electromagnetic spectrum is separated into two important categories, 
ionising and non-ionising. 
 
2.5.2 Ionising Radiation 
Radiation or energy that is able to break molecular bonds inside cells is called 
ionising radiation.  The breaking of these bonds could be the initiator for the 
development of a cancerous growth.  Examples of these types of radiation are x-
rays, gamma rays and cosmic radiation. 
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2.5.3 Non-Ionising Radiation 
Radiation energy that is unable to break molecular bonds inside cells is referred 
to as non-ionising radiation.  Examples include ultraviolet (UV), visible light, 
infrared, RF, MW, extremely low frequency (ELF), static electricity and 
magnetic fields. 
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3 Interactions with the Human Body 
Electromagnetic radiation interacts with living tissue through three main 
coupling mechanisms: 
1. Coupling to low frequency electric fields 
2. Coupling to low frequency magnetic fields 
3. Absorption of energy from electromagnetic fields 
 
3.1 Coupling to low frequency electric fields 
When the human body is exposed to low frequency electric fields there are three 
effects that occur (UNEP/WHO/ICNIRP, 1998): 
1. Flow of conduction charges (electric current) – In such cases (eg gases) 
both electrons and ions are able to move freely because they are not tightly 
bound.  When an electric field is introduced the charges move in response 
to the forces created by this field.  The movement or drift in the direction 
of the forces is only slight because the charges have random motion due to 
the thermal excitation of the charges.  This drift can be considered to be a 
current that produces new fields that previously did not exist when there 
was no electric field. 
2. Polarisation of bound charges (formation of electric dipoles) – bound 
charges can barely move because the restoring force of the material is very 
strong.  In their normal configuration the negative and positive charges 
overlap each other and give the atom or molecule a net charge equal to 
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zero.  With the introduction of an electric field the negative and positive 
charges experience forces of the same magnitude but in different 
directions.  These forces separate the charges by a small distance and 
produce an induced electric dipole.  Because the charges are separated by 
the electric field they no longer cancel each other out and they produce a 
new charge called the polarisation charge.  This new charge produces new 
fields that previously did not exist when there was no electric field. 
3. Reorientation of electric dipoles – Some arrangements of charges in atoms 
or molecules results in permanent dipoles that are orientated randomly due 
to thermal excitation.  With the introduction of an electric field the 
permanent dipoles tend to align themselves with the electric field.  Even 
though the orientation is small because of the effects of the thermal 
excitation it is sufficient to produce new fields that were previously not 
present. 
 
The level to which these different effects occur within the body depends on the 
electrical properties of the materials of the body (ie. electrical conductivity and 
permittivity).  The electrical conductivity governs the flow of electric current and 
the electrical permittivity governs the magnitude of the polarisation effect.  Both 
of these properties are dependent upon the type of tissue exposed and the 
frequency of the applied field. 
When the body is exposed to an external electric field a surface current is 
induced.  This surface current induces electrical currents within the body.  The 
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distribution of these currents within the body depends on the following 
parameters: 
 
• Size of the body 
• Shape of the body 
• Position of body in the field 
 
3.2 Coupling to low frequency magnetic fields 
When the human body is exposed to low frequency magnetic fields there are two 
effects that occur (UNEP/WHO/ICNIRP, 1998): 
 
1. Induced electric currents (induced field) 
2. circulating electric currents (current density) 
 
The level to which these different effects occur within the body depends on: 
 
1. radius of the loop within the body 
2. the electrical conductivity of the tissue 
3. rate of change of magnetic flux density 
4. magnitude of magnetic flux density 
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The size of the loop is directly proportional to the magnitude of the induced 
electric field.  The electrical conductivity of the tissue will affect the actual path 
taken and magnitude of the induced electrical current within any part of the body. 
 
3.3 Absorption of energy from electromagnetic fields 
When the body is exposed to electric and magnetic fields at frequencies below 
100 kHz, very little energy is absorbed.  At frequencies above 100 kHz quite 
large amounts of energy could be absorbed from the electromagnetic fields.  
These significant levels could lead to measurable temperature increases within 
the body.  How much energy and where in the body the energy is absorbed, is 
dependent on the actual frequency of the electromagnetic radiation.  The 100kHz 
to 300GHz bandwidth can be separated into four main sections (Durney, 1985): 
 
1. 100 kHz – 20MHz – in this range absorption in the trunk decreases 
significantly with a decrease in frequency and absorption in the neck and 
legs could be quite large. 
2. 20MHz – 300MHz – in this range absorption in the whole body could be 
significant and with the inclusion of partial body resonances these levels 
could increase even more. 
3. 300MHz – 10GHz – in this frequency range the body could experience 
significant local, non-uniform absorption. 
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4. 10GHz – 300GHz – in this frequency range most of the energy is unable 
to penetrate the skin layer and most of the energy is absorbed at the body 
surface. 
 
The amount of energy that is absorbed is referred to as the specific energy 
absorption rate (SAR), specified in units of watts per kilogram (Wkg-1).  The 
SAR in the body is proportional to the internal electric field strength.  The SAR 
is affected by the following parameters: 
 
• Incident field parameters; the frequency, intensity and polarisation 
• source-object configuration (ie far and near field) 
• Characteristics of the exposed body; the size, external and internal 
geometry, and dielectric properties of the various tissues 
• Ground effects and reflection effect from other objects in the field 
near the body, such as metal surfaces 
 
3.4 Indirect coupling effects 
There are two indirect coupling effects: 
 
1. An unearthed object may act as an antenna for electromagnetic 
fields and have induced a quite high charge.  These induced 
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charges may be enough to cause contact currents (arcing) resulting 
in burns or shocks when earthing occurs. 
2. Medical devices (ie hearing aids or pacemakers) that are either 
worn or implanted within the body.  The induction of 
electromagnetic charges that interfere with the normal operation 
of these devices.  Typically, the induction of audible interference 
in hearing aids and operational malfunctions in pacemakers. 
 
The strength and spatial distribution of these currents depends on the: 
 
1. frequency of the electromagnetic field 
2. size of the object 
3. size of the person 
4. area of contact 
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4 Biological and Health Effects 
A biological effect is the physical alteration that occurs within an organism 
following an exposure that causes a measurable change in biology. 
 
A health hazard is a biological effect that is above the normal range of the 
organisms ability to respond and rectify the effect, therefore being detrimental to 
health. 
 
The electromagnetic spectrum bandwidth from the extremely low frequency 
section (50 Hz) to the end of the microwave section (300GHz) is separated into 
two main sections when we are considering health hazards or effects: 
 
1. frequencies equal to or less than 100kHz 
2. frequencies greater than 100kHz and up to 300GHz 
 
For frequencies up to 100 kHz the main interaction of the electric and magnetic 
fields with tissue is the induction of currents.  Exposure to frequencies above 
100kHz could result in the induction of currents and absorption of sufficient 
energy to cause significant temperature rises (UNEP/WHO/ICNIRP, 1998). 
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4.1 Recognised Biological Effects 
4.1.1 Exposure up to 100 kHz 
Because the wavelengths for these frequencies are greater than three kilometres it 
is more than likely that the measurements performed to establish field strengths 
will be conducted in the near field.  As previously discussed there is no constant 
relationship between the electric and magnetic fields within the near field.  For 
this reason the effects of the magnetic and electric fields will be considered 
separately. 
 
4.1.1.1 Electric Fields 
The human body is completely penetrated by the electric field because the 
wavelengths are quite long in comparison to the dimensions of the body.  
However, the internal organs will be shielded from these fields because the 
human body can be a conductor.  Therefore the main effects due to electric fields 
are due to surface charges and small skin currents. 
 
An unperturbed electric field strength of 10 kVm-1 induces rms current densities 
of less than 4 mA/m2 when averaged over the head or trunk region (Bernhardt, 
1985, Kaune and Forsythe, 1985).  However, peak current densities in the same 
regions would exceed 4 mA/m2 (Kaune and Forsythe, 1985, Dimbylow, 1987). 
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The biological effects due to induced current densities by electric fields are 
summarised in Table 4.1 (UNEP/WHO/IRPA, 1987). 
 
Table 4.1 Biological Effects Due to Electric Fields 
 
Current Density Biological Effect 
Below 1 mA/m2 
No known effects.  The background current 
densities in most body organs are in this range. 
1 to 10 mA/m2 
Subtle biological effects such as changes in 
calcium metabolism or suppression of melatonin 
production (controls the day/night rhythm).  The 
background current densities of the heart and 
brain are in this region. 
10 and 100 mA/m2 
Clearly demonstrated effects, such as changes in 
protein and DNA syntheses and in enzyme 
activity, evident visual and possible nervous 
effects.  The healing process of fractured bones 
can be accelerated or brought to a standstill. 
100 and 1000 mA/m2 
Clearly demonstrated effects, such as changes in 
protein and DNA syntheses and in enzyme 
activity, evident visual and possible nervous 
effects.  The healing process of fractured bones 
can be accelerated or brought to a standstill. 
above 1000 mA/m2 
Extra systoles and ventricular fibrillation (heart 
dysfunction) can occur (acute health hazards) 
 
Typical currents inside the human body can be as high as 10 mA/m2.  These 
currents can be significantly higher during some activities or functions. 
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4.1.1.2 Magnetic Fields 
Establishing the internal field current strengths based on the information about 
the external flux densities is difficult.  It is possible to calculate magnetic flux 
densities that would produce potentially hazardous current densities in tissues.  
This model assumes a 10 cm radius loop in tissue of conductivity 0.2 Sm-1 
(UNEP/WHO/IRPA, 1987). 
 
The biological effects due to induced current densities generated by magnetic 
flux densities from whole body exposure to sinusoidal homogeneous fields are 
summarised in Table 4.2 (UNEP/WHO/IRPA, 1987). 
 
Table 4.2 Biological Effects due to Magnetic Fields 
 
Magnetic Flux Current Density Biological Effect 
0.5 – 5 mT 1 to 10 mA/m2 minor biological effects have been reported 
5 – 50 mT 10 to 100 mA/m2 
there are some well established effects, 
including visual and nervous system effects 
50 – 500 mT 100 to 1000 mA/m2
stimulation of excitable tissue is observed and 
there are possible health risks 
Above 500 mT above 1000 mA/m2 
extra systoles and ventricular fibrillation can 
occur (acute health hazards) 
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4.1.2 Exposure of 100 kHz up to 300GHz 
4.1.2.1 Stimulation of nerve and muscle 
For frequencies of 100 kHz up to 10MHz, induced current density can excite 
muscles and nerves.  Examples are acute changes in the central nervous system 
excitability and reversal of the visually evoked potential.  The current density 
threshold level for these two effects is approximately 100 mA/m2. 
 
4.1.2.2 Whole body and excessive localised tissue heating 
For frequencies of 100kHz up to 10GHz increases in the core body temperature 
and excessive localised tissue heating of more than one or two degrees Celsius 
over prolonged periods can cause adverse health effects.  These effects include 
heat exhaustion - headache, nausea, dizziness and heat stroke.  Laboratory 
studies have established that the threshold specific absorption rate (SAR) for 
irreversible thermal damage of the most sensitive tissues is 4 Wkg-1 under normal 
environmental conditions. 
 
4.1.2.3 Surface heating of the body 
For frequencies of 10 GHz up to 300 GHz the penetration depth past the skin 
layer is very small.  The energy is absorbed at skin depth and surface heating 
occurs.  This process is similar to surface tissue being heated by an infra-red 
lamp.  The power density threshold for excessive heating of skin tissue and in 
tissue near the body surface is 500 Wm-2. 
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4.2 Investigation of Uncertain Biological and Health Effects 
4.2.1 Exposure up to 100 kHz 
There are many investigations and studies being performed worldwide in an 
attempt to establish the biological and health effects of low level exposure to 
ELF electromagnetic fields.  The investigations can be separated into seven main 
areas (NAS, 1997). 
 
1. Carcinogenicity in animals 
1.1 One- and two-year bioassays 
1.2 Multistep carcinogenesis 
1.2.1 Mammary Cancer 
1.2.2 Skin tumour models 
1.2.3 Liver cancer models 
1.2.4 Leukaemia / lymphoma model 
 
2 Epidemiological studies of carcinogenicity in adults 
2.1 Occupational exposure 
2.1.1 All cancers combined 
2.1.2 Leukaemia 
2.1.3 Brain cancer 
2.1.4 Breast cancer 
2.1.5 Lung cancer 
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2.1.6 Other cancer 
2.1.7 Central nervous system cancers in the offspring of parents exposed 
to electromagnetic fields 
2.1.8 Meta-analysis of brain cancer and leukaemia 
2.2 Residential exposure 
2.2.1 All cancers 
2.2.2 Leukaemia 
2.2.3 Breast Cancer 
2.2.4 Tumours of the central nervous system 
 
3 Epidemiological studies of carcinogenicity in children 
3.1 Effects of power lines 
3.2 Effects of appliances 
3.3 Meta-analysis of studies of effects of power lines 
 
4 Non-cancer health effects in experimental animals 
4.1 Immunological effects 
4.2 Hematological effects 
4.3 Effects on the nervous system 
4.3.1 Field detection 
4.3.2 Avoidance and aversion 
4.3.3 Neurophysiology 
4.3.4 Electrophysiology 
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4.4 Reproductive and development effects 
4.5 Effects on melatonin 
4.6 Bone and tissue repair and adaptation 
4.6.1 Clinical bone healing with pulsed electromagnetic fields 
4.6.2 Experimental studies 
 
5 Epidemiological studies on non-cancer health effects in humans 
5.1 Occupational exposure 
5.1.1 Reproductive effects 
5.1.2 Neurodegenerative diseases 
5.1.3 Suicide and depression 
5.1.4 Cardiovascular disease 
 
5.2 Environmental exposure 
5.2.1 Pregnancy outcomes 
a) Spontaneous miscarriage 
b) Foetus malformation 
c) Reduced birth weight 
d) Reduced intra-uterine growth 
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6 Laboratory studies of non-cancer health effects in humans 
6.1 Sensation and perception 
6.1.1 Field perception 
6.1.2 Visual effects 
6.2 Central nervous system 
6.2.1 Electroencephalographic spectral analysis 
6.2.2 Event-related potential 
6.2.3 Sleep electrophysiology 
6.2.4 Cognition and performance 
a) Reaction times 
b) Memory 
c) Perceptual speed 
d) One-hand manual dexterity 
6.3 Cardiovascular system 
6.3.1 Heart rate 
6.3.2 Heart-rate variability 
6.4 Other effects 
6.4.1 Melatonin 
6.4.2 Neuroendocrinology 
6.4.3 Immune system 
6.5 Mood disturbances 
6.6 Electromagnetic hypersensitivity 
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7 In vitro and mechanistic studies 
7.1 Genotoxicity and regulation of gene expression 
7.1.1 Genotoxicity 
7.1.2 Transcription 
7.1.3 Translation and protein synthesis 
 
7.2 Signal transduction and proliferation 
7.2.1 Calcium homeostasis 
7.2.2 Receptor-mediated signalling pathways 
7.2.3 Cell proliferation 
7.2.4 Enzyme synthesis and activity 
7.2.5 Apoptosis 
 
7.3 Induction of cytological markers 
7.3.1 Embryonic staging 
7.3.2 Matrix synthesis and extracellular interactions 
7.3.3 Cell surface markers 
7.3.4 Matrix interactions: Adhesion, morphology and motility 
7.3.5 Cell-cell communication and gap junctions 
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Probably the most important and most topical health effect is the investigation of 
the possible development of cancer due to the exposure to electromagnetic fields. 
The two main types of analysis performed to establish whether the exposures do 
cause cancer are epidemiological and laboratory studies. 
 
The epidemiological studies look at three main categories: 
1. Residential studies 
2. Occupational studies 
3. Reproductive outcomes. 
While the laboratory studies are focussed on two main areas: 
1. Cellular and animal studies 
2. Volunteer studies. 
 
The results of the residential and occupational epidemiological studies are the 
most interesting as a whole and will be covered in detail in this chapter. 
 
4.2.2.1 Residential Cancer - Epidemiological Studies 
There have been numerous studies conducted on the relationship between cancer 
rates in adults and children and the proximity of their residences to power lines. 
The first major study to show a relationship between cancer in children and the 
proximity of their homes to power lines was the Wertheimer and Leeper study in 
1979 (Wertheimer and Leeper, 1979).  Since this there have now been a number 
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of studies that have reported higher than average incidences of childhood cancer 
near EMR facilities (Table 4.3). 
 
Table 4.3 Studies with Higher than Average Incidences of Childhood 
Cancer for EMR Facilities 
 
Rates of incidence higher than average 
Study Leukaemia Brain cancer Overall rate 
of cancer 
Wertheimer and Leeper, 1979 x x  
Tomenius, 1986   x 
Savitz, Wachtel et al., 1988 x x  
London, Thomas et al., 1991 x   
Olsen, Nielsen et al., 1993   x 
Feychting and Ahlbom, 1993 x   
Green, Miller et al., 1999a x   
Green, Miller et al., 1999b x   
Schuz, Grigat et al., 2001 x   
 
Even though the Savitz, Wachtel et al. (1988), London, Thomas et al. (1991), and 
Feychting and Ahlbom (1993) studies showed an association for proximity to 
power lines they didn’t show any association for the measured field strengths.  
The field strengths were never measured for the Wertheimer and Leeper (1979) 
study. 
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The most recent studies to show some interesting associations were the Canadian 
studies (Green, Miller et al., 1999a and Green, Miller et al., 1999b).  The former 
found that field measurements inside the residence and wire codes showed no 
significant association with leukaemia.  However, it did find that there was an 
association between field measurement external to the residence and increased 
incidence of leukaemia.  While, the latter established an association between 
magnetic field measurements made with a personal monitor and leukaemia.  This 
study also found that wire codes and electric fields measured with the personal 
monitors were not associated with an increase in leukaemia incidences. 
 
In the same period there have been several studies (Table 4.4) that have reported 
no correlation between childhood cancer and the proximity of the residence to 
power lines. 
 
From Table 4.4 it can be seen that most of the recent studies do not show that 
there is a significant correlation between power lines and brain cancer and/or 
leukaemia. 
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Table 4.4 Studies Showing no Correlation Between Proximity of 
Residences to Power Lines and Childhood Cancer 
 
Type studied with no correlation Study 
Leukaemia Brain cancer Overall cancer 
Fulton, Cobb et al., 1980 x   
Tomenius, 1986 x x  
Coleman, Bell et al., 1989 x x  
Myers, Clayden et al., 1990 x   
Verkasalo, Pukkala et al., 1993 x x x 
Olsen, Nielsen et al., 1993 x x  
Feychting and Ahlbom, 1993  x x 
Petridou, Kassimos et al., 1993 x   
Gurney, Mueller et al., 1996  x  
Preston-Martin, Navidi et al., 
1996a 
 x  
Tynes and Haldorsen, 1997 x x x 
Linet, Hatch et al., 1997 x   
Dockerty, Elwood et al., 1998 x   
Michaelis, Schultz et al., 1998 x   
McBride, Gallagher et al., 1999 x   
UKCCSI, 1999 x x x 
Dockerty, Elwood et al., 1999 x   
Kleinerman, Kaune et al., 2000 x   
UKCCSI, 2000 x x x 
 
 
The most significant of these is the McBride, Gallagher et al. (1999) study which 
found no relationship between childhood leukaemia and: 
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1. fields measured with personal monitors (48 hr averages); 
2. contemporary measured fields in residences; 
3. historic magnetic field reconstructions; 
4. very high current configuration wire codes; 
5. high current configuration wire codes. 
 
Three recent meta-analysis studies have produced some interesting data. 
The Ahlbom study (Ahlbom, Day et al., 2000) found that the analysis of studies 
(nine in total) that used long term magnetic field measurements to establish 
exposure resulted in a statistically significant association.  Children with 
exposures to magnetic fields with an average greater than 0.4 µT had a relative 
risk of two for leukaemia.  This risk of childhood leukaemia was not significant 
for children exposed to levels less than the 0.4 µT average. 
 
The Greenland study (Greenland, Sheppard et al., 2000) found that the analysis 
of studies (fifteen in total) that used magnetic field measurements (or where 
estimations could be used) to establish exposure resulted in a statistically 
significant association.  Children with exposures to magnetic fields with an 
average greater than 0.3 µT had a relative risk of 1.7 for leukaemia.  This risk of 
childhood leukaemia was not significant for children exposed to levels less than 
the 0.3 µT average. 
The Schulz study (Schuz, Grigat et al., 2001) itself didn’t find any significant 
increases in risk of childhood leukaemia and measured magnetic field strengths 
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averaged over 24 hours.  But when this study was combined with a previous 
German study (Michaelis, Schultz et al., 1998) the analysis revealed a significant 
association between exposure to magnetic fields over 0.4 µT and childhood 
leukaemia.  The magnetic field was averaged over 24 hours for this study. 
 
The results of three meta-analysis studies are included in the National Radiation 
Protection Board (AGNIR, 2001) report and provide the basis for the conclusion, 
with respect to epidemiological studies of residential 50/60 Hz magnetic field 
exposure and leukaemia.  This report concluded that: 
 
“Recent large and well-conducted studies have provided better evidence 
than was available in the past on the relationship between power frequency 
magnetic field exposure and the risk of cancer.  Taken in conjunction they 
suggest that relatively heavy average exposures of 0.4 µT or more are 
associated with a doubling of the risk of leukaemia in children under fifteen 
years of age.  The evidence is, however, not conclusive (AGNIR, 2001)”. 
 
This uncertainty in the evidence is supported in the overall conclusion of the 
report.  Which states: 
 
“Laboratory experiments have provided no good evidence that extremely 
low frequency electromagnetic fields are capable of producing cancer, nor 
do human epidemiological studies suggest that they cause cancer in general.  
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There is, however, some epidemiological evidence that prolonged exposure 
to higher levels of power frequency magnetic fields is associated with a 
small risk of leukaemia in children.  In practice, such levels of exposure are 
seldom encountered by the general public in the UK.  In the absence of 
clear evidence of a carcinogenic effect in adults, or of a plausible 
explanation from experiments on animals or isolated cells, the 
epidemiological evidence is currently not strong enough to justify a firm 
conclusion that such fields cause leukaemia in children.  Unless, however, 
further research indicates that the finding is due to chance or some currently 
unrecognised artefact, the possibility remains that intense and prolonged 
exposures to magnetic fields can increase the risk of leukaemia in children 
(AGNIR, 2001).” 
 
The reference to the evidence not being conclusive is reflected in the conclusions 
of the United States National Institute of Environmental Health Sciences 
(NIEHS, 1998) working group report “Assessment of Health Effects from 
Exposure to Power-line Frequency Electric and Magnetic Fields”.  The working 
group concluded unanimously that the fields were not Group 1 or Group 2A 
agents under the International Agency for Research on Cancer (IARC) guidelines 
(Table 4.5).  A majority of the group concluded that the fields should be 
classified as Group 2B.  And a minority of the group concluded that the evidence 
was insufficient to give the Group2B classification (NIEHS, 1998). 
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Table 4.5 IARC Classification of Human Carcinogens 
 
Group Supporting data required Examples 
Group 1: The agent (mixture) is 
carcinogenic to humans.  The 
exposure circumstance entails 








Group 2A: The agent (mixture) is 
probably carcinogenic to humans.  
The exposure circumstance entails 
exposures that are probably 
carcinogenic to humans. 
Limited or inadequate 
epidemiological evidence 






Group 2B: The agent (mixture) is 
possibly carcinogenic to humans. 
The exposure circumstance entails 
exposures that are possibly 
carcinogenic to humans. 
Limited epidemiological 
evidence plus limited or 






Group 3: The agent (mixture or 
exposure circumstance) is 
unclassifiable as to carcinogenicity 
in humans. 
Inadequate epidemiological 
evidence plus limited or 
inadequate sufficient animal 






Group 4: The agent (mixture, 
exposure circumstance) is probably 
not carcinogenic to humans. 
Lack of carcinogenicity in 
both humans and animals or 
Inadequate epidemiological 
evidence plus lack of 
carcinogenicity in animals 
Caprolactam 
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Table 4.6 Definition of Terms used by IARC for Cancer Classification 
(IARC, 2002) 
 
Term Epidemiology Animal Carcinogenicity 
Sufficient 
evidence 
A causal relationship has 
been established 
A causal relationship has been 
established in two species or in 
two independent studies 
Limited 
evidence 
An association is observed 
for which a causal 
association is credible, but 
non-casual interpretations 
cannot be ruled out 
Animal carcinogenicity is 
observed; but only in a single 
study, or only benign tumours 




Studies are of insufficient 
quality or consistency to 
determine whether an 
association exists, or no 
human data 
Studies are of insufficient quality 
or consistency to allow a 
conclusion, or no animal data 
Lack of 
carcinogenicity 
Multiple negative and 
consistent studies, with a full 
range of exposures, that 
show no evidence of 
association with any type of 
cancer 
Negative and consistent studies 
in two or more species, with a 
full range of exposures that show 
no evidence of carcinogenesis. 
 
 
Most of the studies of adult cancer incidence rates and the proximity of 
residences to power lines failed to find a correlation (Table 4.7). 
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Table 4.7 Studies Showing no Correlation of Adult Cancer Types with 
Proximity of Residences to Power-lines 
 
Evidence of no correlation Study 
Leukaemia Brain cancer Overall cancer 
McDowall, 1986 x  x 
Severson, Stevens et al., 1988 x   
Coleman, Bell et al., 1989 x   
Youngson, Clayden et al., 1991 x   
Schreiber, Swaen et al., 1993 x x  
Feychting and Ahlbom, 1994 x x  
Verkasalo, Pukkala et al., 1996   x 
Feychting, Forssen et al., 1998   x 
Bracken and et al, 1998   x 
Wrensch, Yost et al., 1999  x  
 
 
The only studies to find any increases in incidence rates were the: 
• Li study (Li, Theriault et al., 1997) which reported higher incidences of 
leukaemia but not for brain or breast cancer; 
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• Wertheimer study (Wertheimer and Leeper, 1982) which reported higher 
incidences of brain cancer and total cancer but not for leukaemia. 
 
It is interesting to note that the two most recent studies of childhood brain cancer 
(Gurney, Mueller et al., 1996 and Preston-Martin, Navidi et al., 1996a) have 
found no correlation.  While, the two largest studies of childhood leukaemia and 
residence proximity to power lines (Linet, Hatch et al., 1997 and McBride, 
Gallagher et al., 1999) found no association either. 
 
An interesting study that considers the issue from another point of view is the 
Fews and Henshaw studies completed in 1999.  These studies found that the 
deposition of pollutant aerosols onto the body and into the lungs, in particular 
radon decay products, was higher under power lines (Fews, Henshaw et al., 
1999).  This increase in radiation dose could be the reason for increased 
leukaemia rates.  The increase in concentration of free radicals is due to the 
ionisation of the air by the electric fields from high voltage power cables creating 
corona ions which then attach themselves to the pollutant aerosols (Fews, 
Henshaw et al., 1999). 
 
4.2.1.2 Occupational Cancer – Epidemiological Studies 
The number of epidemiological studies of cancer and occupational exposure to 
50 / 60 Hz electromagnetic fields is significant (Table 4.8). 
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Table 4.8 Number of Studies Investigating Occupational Cancer 
 
Type of cancer Number of studies 
Leukaemia ~ 40 
Brain ~ 30 
Lymphoma ~ 12 
Lung ~ 15 
Female Breast ~ 10 
Male Breast ~ 10 
All Cancer ~ 15 
 
 
Since 1994 there have been at least twenty major studies into occupational 
exposure to 50 / 60 Hz electromagnetic fields and cancer rates. 
 
Since 1994 the only occupational studies to find increases in leukaemia were: 
1. The study completed by Forssen, Feychting et al. (1997) which found an 
increase in one of the exposed groups; 
2. The Miller, To et al. (1996) and Villeneuve, Agnew et al. (2000) studies, 
which found increased risk for electric field exposure but not magnetic field 
exposure. 
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Table 4.9 Major Occupational Studies of Cancer and EMR Since 1994 
 




Savitz and Loomis, 
1995 
x x     x 
Firth and et al, 1996 x x     x 
Miller, To et al., 
1996 
x x  x x x x 
Guenel, Nicolau et 
al., 1996 
x x  x x x x 
Baris, Armstrong et 
al., 1996 
x x  x x x  
Feychting, Forssen 
et al., 1997 
x x      
Kheifets, London et 
al., 1997b 
x       
Johansen and Olsen, 
1998 
x x x x x x x 
Villeneuve, Agnew 
et al., 2001 
x       
Harrington, 
McBride et al., 1997 
 x      
Rodvall and et al, 
1998 
 x      
Carozza, Wrensch et 
al., 2000 
 x      
Cantor, Stewart et 
al., 1995b 
  x     
Coogan, Clapp et 
al., 1996 
  x     
Cocco and et al, 
1998 
  x     
Petralia and et al, 
1998 
  x     
Coogan and et al, 
1998 
  x     
Forssen, Feychting 
et al., 2000 
  x     
Villeneuve, Agnew 
et al., 2000 
   x    
Savitz, Dufort et al., 
1997 
    x   
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There were only two studies since 1994 to find evidence of increased risk in 
brain cancer: 
1. The study completed by Savitz and Loomis (1995) which established an 
increase for one group exposed to magnetic fields; 
2. The study completed by Guenel, Nicolau et al. (1996) found an increase for 
exposure to electric fields. 
 
Since 1994 there have been no studies that have found any significant increases 
in risk of breast cancer for occupational workers. 
There have been three major reviews of the research into occupational exposure 
to 50/60 Hz and the increased risk of breast cancer: 
1. Kheifets, Matkin et al., 1999 
2. Brainard, Kavet et al., 1999 
3. Erren, 2001 
 
These three reviews tend to conclude that there is no increase or an insignificant 
increase in the incidence of breast cancer from occupational exposure.  They also 
mention the problems associated with the validity of the data due to small sample 
size and contradictory results in individual cases. 
 
None of the studies since 1994 found an increased lymphoma risk with exposure 
to magnetic fields.  There was however a study Villeneuve, Agnew et al. (2000) 
that found an increase in risk for workers exposed to electric fields. 
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There has been only one study since 1994 investigating the risk of lung cancer 
and exposure to 50/60Hz magnetic fields.  This study was the one completed by 
Savitz (Savitz, Dufort et al., 1997) which included exposure to pulsed electric 
fields as well.  This study found no association between lung cancer and 
exposure to 50/60 Hz magnetic fields or pulsed electric fields. 
 
There has only been one study since 1994 that has found an increase in overall 
cancer risk for an exposed group (Savitz and Loomis, 1995). 
 
The general consensus of the current scientific evidence can be summed up in the 
conclusion of the Report of an Advisory Group on Non-ionising Radiation on 
ELF Electromagnetic Fields and the Risk of Cancer (AGNIR, 2001). 
This report concluded that for epidemiological studies of occupational exposures: 
“Study of populations exposed occupationally to electromagnetic fields can 
include groups exposed generally at much higher levels than members of 
the public.  They may therefore have a greater potential to detect any 
adverse health effects.  Although recently published studies of occupational 
exposure to electromagnetic fields and the risk of cancer are, in the main, 
methodologically sound, and some of them have considerable statistical 
power, causal relationships between such exposure and an increase in 
tumour incidence at any site are not established.  The excesses, where they 
exist, are generally modest and are largely restricted to the two cancers that 
were noted in the 1992 report of the Advisory Group – that is, leukaemia 
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and cancer of the brain.  Conflicting evidence exists for the particular cell 
types of leukaemia associated with the greatest risk but acute myeloid 
leukaemia is the most cited.  The evidence of any risk for brain cancer is 
conflicting, even that from the most powerful of the studies (AGNIR, 
2001).” 
 
4.2.2 Exposure of 100 kHz up to 300GHz 
There are many investigations and studies being performed worldwide in an 
attempt to establish the biological and health effects of low level exposure to RF 
electromagnetic fields.  The investigations can be separated into seven main areas 
(Michaelson and Elson, 1996). 
 
1 Cellular and Molecular Biology 
1.1 Chromosome-genetic effect 
1.2 Kinetic or functional changes, and membrane effects 
1.3 Carcinogenesis 
1.4 Hyperthermia in medical therapeutics 
 
2 Biochemical changes 
 
3 Reproduction, Growth and Development 
3.1 The gonads 
3.2 Embryonic development 
EME Emissions from RAPS Systems 2002 
 Page 68 
3.3 Post-natal development and behaviour 
 
4 Effects on Nervous System 
4.1 Electroencephalographic changes 
4.2 Calcium efflux 
4.3 Histopathology 
4.4 Effects on the blood-brain barrier 
4.5 Combined effect of RF and drugs, and RF effects on neurotransmitters 
4.6 Neurophysiological effects in vitro 
 
5 Behavioural Effects 
5.1 Experimental behavioural studies 
5.2 Behavioural studies 
 
6 Neuroendocrine Effects 
6.1 Mechanisms of interaction 
6.2 Hypothalamic-hypophysial-adrenal response 
6.3 Hypothalamic-hypophysial-thyroid response 
 
7 Cardiovascular effects 
 
8 Effects on Hematopoiesis and Haematology 
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9 Effects on Immune Response 
9.1 Lymphocyte kinetics 
9.2 Adaptation 
9.3 Influence of hyperthermia 
 
10 Auditory Response 
 
11 Ocular Effects 
11.1 Threshold for opacity 
11.2 Biochemical changes 
11.3 Thermal aspect of microwave cataractogenesis 
11.4 Pulse-wave (PW) Exposures 
11.5 Cumulative effect 
 
Again the most important and definitely the most topical health effect arising 
from the exposure to RF electromagnetic fields is the possible development of 
cancer. 
The two main types of analysis performed to establish whether the exposures do 
cause cancer are epidemiological and laboratory studies. 
 
The epidemiological studies look at three main categories: 
1. Occupational studies 
2. Reproductive outcomes. 
EME Emissions from RAPS Systems 2002 
 Page 70 
3. Residential studies 
While the laboratory studies are focussed on two main areas: 
1. Cellular and animal studies 
2. Volunteer studies. 
 
Currently, the results of the residential and occupational epidemiological studies 
are the ones of most interest.  The results, significant discussions and analysis 
resulting from these studies will be covered in detail in this section.  The other 
investigations of the effects will not be discussed. 
 
4.2.2.1 Residential Cancer - Epidemiological Studies 
Historically there has not been a significant number of epidemiological studies 
on the effects of long term exposure to low level RF electromagnetic fields in 
comparison to the number on ELF electromagnetic fields. 
Most of these studies on exposure to low level RF electromagnetic fields have 
failed to find any significant increases in incidences of cancer (Table 4.10). 
 
A study finding an increase in cancer incidences was the one completed by 
Hocking et al in 1996.  This study reported an increase in the incidences of total 
leukaemia and childhood leukaemia.  At the same time the report found no 
increase in total brain and childhood brain cancer incidence (Hocking, Gordon et 
al., 1996). 
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Table 4.10 Adult and Childhood Residential Epidemiological Cancer 
Studies Showing no Significant Association with EMR 
 
Study Types Studied 
Selvin, Schulman et al., 1992 Childhood cancer 
Maskarinec, Cooper et al., 1994 Childhood leukaemia 
Dolk, Shaddick et al., 1997a Adult and childhood cancer 
 
 
McKenzie et al attempted to reproduce this study in 1998.  The only difference 
was that the researchers established a more precise estimation of the exposure 
levels.  This study found an increase in childhood leukaemia in one of the three 
areas specified by the Hocking study.  The other two areas that received 
relatively high RF electromagnetic fields did not display any increases in 
incidences of cancer (McKenzie, Yin et al., 1998).  This result suggests that the 
increase in cancer incidence in the one area may not be due to RF and that further 
research into the cause is required (Elwood, 1999). 
 
The Sutton Coldfield study (Dolk, Shaddick et al., 1997a) in the UK found an 
increase in incidences of adult cancer.  There were eleven types of cancer 
investigated and the only three that showed increases were adult leukaemia, 
bladder and melanoma cancer (Dolk, Shaddick et al., 1997a).  This study also 
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found no increase in all childhood cancer and leukaemia.  A follow-up study by 
the same group was completed for twenty-one UK transmitters of equivalent 
power and type (Dolk, Elliot et al., 1997b).  This study failed to find similar 
increases in adult leukaemia to those found in the Sutton Coldfield study.  It also 
failed to find any significant increases in bladder and melanoma cancer.  Like the 
Sutton Coldfield study there were no significant increases in childhood brain 
cancer and leukaemia in the follow-up study.  This follow-up study did not 
support the original findings of the Sutton Coldfield study. 
 
Currently there is a bigger research focus on exposure to emissions from mobile 
(cellular) phones than any other type of RF electromagnetic field exposure.  
There were four recently published studies on the link between the use of a 
mobile phone and brain cancer (Hardell, Nasman et al., 1999, Muscat, Malkin et 
al., 2000, Inskip, Tarone et al., 2001 and Johansen, Boice et al., 2001).  None of 
these studies found any statistically significant increase in cancer incidence. 
 
4.2.2.2 Occupational Cancer – Epidemiological Studies 
There have been about ten occupational epidemiological studies that have been 
considered to be of acceptable design for their results to be considered (Table 
4.11). 
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Table 4.11 Occupational Epidemiological Cancer Studies of EMR 
 
Study Types Studies 
Lillienfeld, Tonascia et al., 1978 Brain cancers and mortality 
Robinette, Silverman et al., 1980 Overall cancer and specific cancers 
Thomas, Stolley et al., 1987 Brain cancer 
Milham, 1988 Overall cancer, brain, lymphatic and 
haematopietic cancer 
Hill, 1988 Overall cancer, brain, lymphatic and 
haematopietic cancer 
Muhm, 1992 Overall cancer and specific cancers 
Tynes, Andersen et al., 1992 Overall cancer and specific cancers 
Grayson, 1996 Brain cancer 
Lagorio, Rossi et al., 1997 Overall cancer and specific cancers 




All ten studies do not show any statistically significant increases in incidences 
for any specific cancer or overall cancer rates. 
 
There was only one occupational study to show an increase in incidences of 
cancer.  The study was conducted by Szmigielski and investigated Polish military 
personnel who may have been exposed to higher than usual RF electromagnetic 
fields (Szmigielski, 1996).  This study found an increase in the incidence of 
EME Emissions from RAPS Systems 2002 
 Page 74 
leukaemia, lymphoma, brain and overall cancer.  This study has come into some 
criticism and that it does not meet the basic epidemiological requirements for 
acceptability (Moulder, 1999).  It has also been suggested that the methods used 
by Szmigielski, produced a systematic bias causing an increase in the incidence 
rates (Elwood, 1999). 
 
Currently there is still no conclusive proof that exposure to RF electromagnetic 
fields will result in an increase of the incidences of a specific or overall cancer.  
The conclusions of two reviews (Elwood, 1999 and Rothman, 2000) of the 
available epidemiological studies tend to confirm this lack of conclusive proof. 
 
“1. Several positive associations suggesting an increased risk of some types 
of cancer in those who may have had greater exposure to RF emissions 
have been reported.  However, the results are inconsistent: there is no 
type of cancer that has been consistently associated with RF exposures.  
The epidemiological evidence falls short of the strength and consistency 
of evidence that is required to come to a reasonable conclusion that RF 
emissions are a likely cause of one or more types of human cancer.  The 
evidence is weak in regard to its inconsistency, the design of the studies, 
the lack of detail on actual exposures, and the limitations of the studies in 
their ability to deal with other likely relevant factors.  In some studies 
there may be biases in the data uses (Elwood, 1999).” 
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“2. Based on the epidemiological evidence available now, the main public 
health concern is clearly motor vehicle collisions, a behavioural effect 
rather than an effect of RF exposure as such.  Neither the several studies 
of occupational exposure to RF nor the few of cellular telephone users 
offer any clear evidence of an association with brain tumours of other 
malignancies.  Even if the studies in progress were to find large relative 
effects for brain cancer, the absolute increase in risk would probably be 
smaller than the risk stemming from motor vehicle collisions (Rothman, 
2000).” 
 
4.3 Indirect Effects of Electromagnetic Fields 
4.3.1 Exposure up to 100 kHz 
Unearthed metal objects exposed to electromagnetic fields up to the 100 kHz 
frequency range can acquire a charge and have a different electric potential.  
When the charged item is grounded by a person touching or brushing the 
unearthed metal object there is a flow of electrical charge.  This flow of electric 
current may result in stimulation of muscles and/or peripheral nerves.  With 
increasing levels of current this may be manifested as perception, pain from 
electric shock and/or burn, inability to release the object, difficulty in breathing 
and at very high currents cardiac ventricular fibrillation (Tenforde and Kaune, 
1987). 
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When a metal object exposed to a high field with a high electrical potential and a 
body come into close proximity a transient discharge (spark) can occur (Tenforde 
and Kaune, 1987). 
 
The thresholds for the various effects for different frequencies are summarised in 
Table 4.12 (Tenforde and Kaune, 1987, UNEP/WHO/IRPA, 1993). 
 
Table 4.12 Thresholds for Contact Currents 50 Hz to 100 kHz 
 
Threshold current (mA) at Frequency 
Indirect Effect 
50/60 Hz 1 kHz 100 kHz 
Touch perception 0.2 – 0.4 0.4 – 0.8 25 – 40 
Pain on finger contact 0.9 – 1.8 1.6 – 3.3 28 - 50 
Painful shock / Let-go threshold 8 – 16 12 – 24 112 – 224 
Severe shock / Breathing difficulty 12 - 23 21 - 41 160 - 320 
 
 
4.3.2 Exposure of 100 kHz up to 300GHz 
Unearthed metal objects or people exposed to electromagnetic fields in the 100 
kHz up to 110 MHz frequency range can acquire a charge.  When the charged 
item is grounded either by a person touching the unearthed metal object or a 
charged person touching an earthed metal object a flow of electric charge 
(contact current) will occur. 
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When a metal object exposed to a high field and a body come into close 
proximity a transient discharge (spark) can occur. 
 
The threshold field strength for some human beings to feel spark discharges in 
electric fields is about 3 kV/m and to perceive the field between 2 – 10 kV/m 
(NHMRC, 1989). 
 
The thresholds for the various effects for different frequencies are summarised in 
Table 4.13 (Tenforde and Kaune, 1987, Chatterjee, Wu et al., 1986, Bernhardt, 
1988). 
 
Table 4.13 Thresholds for Contact Currents 100 kHz to 1 MHz 
 
Threshold current (mA) at Frequency 
Indirect Effect 
100 kHz 1 MHz 
Touch perception 25 – 40 25 – 40 
Pain on finger contact 28 - 50 28 - 50 
Painful shock / Let-go threshold 112 – 224 Not determined 
Severe shock / Breathing difficulty 160 - 320 Not determined 
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5 Exposure Limits 
5.1 International Recommendations 
5.1.1 History 
In 1974, a working group to study the problems arising in the field of protection 
against the various types of non-ionising radiation (NIR) was formed by the 
International Radiation Protection Association (IRPA) and became known as the 
International Non-ionizing Radiation Committee (INIRC) after the IRPA 
Congress in Paris, 1977. 
 
The IRPA/INIRC formulated a number of documents associated with health 
issues due to non-ionising radiation.  These documents were part of the World 
Health Organisation (WHO) Environmental Health Criteria Programme and were 
sponsored by the United Nations Environment Programme (UNEP).  The 
Environmental Health Division of the WHO worked in cooperation with the 
IRPA/INIRC in the development of these health criteria documents. 
 
In May 1992, at the Eighth International Congress of the IRPA, the IRPA/INIRC 
was converted into an independent scientific organisation called the International 
Commission on Non-ionizing Radiation Protection (ICNIRP).  The objectives of 
the commission were to: 
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1. investigate the hazards that may be associated with the different 
forms of non-ionising radiation; 
2. develop international guidelines on non-ionising radiation; 
3. deal with all aspects of non-ionising radiation. 
 
Since then the ICNIRP has produced guidelines on 50/60Hz frequency 
electromagnetic fields in 1990 and on high frequency electromagnetic fields in 
1988.  These guidelines are now superseded by the publication produced in 1998 
which covers the entire frequency range of time varying electromagnetic fields – 
up to 300 GHz. 
 
The main purpose of the guidelines is to establish a set of limits that will protect 
humans against the known adverse health effects.  The exposure limits are based 
on scientific data only.  This requires that the scientific validity of reports need to 
be verified and that extrapolations from animal experiments to effects on humans 
have to be made as well. 
 
5.1.2 ICNIRP Limits 
The current limits recommended by the ICNIRP guidelines are specified in the 
Guidelines for Limiting Exposure to Time-Varying Electric, Magnetic, and 
Electromagnetic Fields (up to 300 GHz) (UNEP/WHO/ICNIRP, 1998). 
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Two sets of limits on exposure to electromagnetic fields are presented and both 
of these are based on established health effects.  These limits are termed basic 
restriction levels and reference levels.  Protection against established adverse 
health effects require that these basic restrictions are not exceeded.  These 
restrictions are sometimes specified in quantities that are impractical to measure.  
As a result, reference levels that are easier to measure are used to determine if the 
basic restrictions are exceeded. 
 
Provided that all basic restrictions are met and adverse effects can be excluded, 
the reference levels may be exceeded.  The reference levels have been 
conservatively formulated so that compliance with the levels given in the 
guidelines will ensure compliance with the basic restrictions. 
 
The limits in the ICNIR guidelines are not legal limits for any specific country.  
But rather they are a recommendation made by a reputable, independent 
international scientific organisation that various countries and governments can 
use in the formulation of their own legal standards. 
 
The limits specified in the 1998 ICNIRP guidelines are presented in Tables 5.1 – 
5.4. 
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Table 5.1 Basic Restrictions for Time Varying Electric and Magnetic Fields 




Current Density for 












    
Up to 1Hz 40 - - - 
1 – 4 Hz 40/f - - - 
4 Hz – 1 kHz 10 - - - 
1 – 100 kHz f/100 - - - 
100kHz – 10MHz f/100 0.4 10 20 
10MHz–10GHz - 0.4 10 20 
     
General Public 
Exposure 
    
Up to 1Hz 8 - - - 
1 – 4 Hz 8/f - - - 
4 Hz – 1 kHz 2 - - - 
1 – 100 kHz f/500 - - - 
100kHz – 10MHz f/500 0.08 2 4 
10MHz–10GHz - 0.08 2 4 
 
Notes: 
1 f is the frequency (units are as indicated in the frequency range column). 
2 Because of the electrical inhomogeneity of the body, current densities 
should be averaged over a cross-section of 1 cm2 perpendicular to the 
current direction. 
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3 For frequencies up to 100 kHz, peak current density values can be 
obtained by multiplying the rms value by √2 (~1.414).  For pulses of 
duration tp the equivalent frequency to apply in the basic restrictions 
should be calculated as f = 1 / (2tp). 
4 For frequencies up to 100 kHz and for pulsed magnetic fields, the 
maximum current density associated with the pulses can be calculated 
from the rise / fall times and the maximum rate of change of magnetic flux 
density.  The induced current density can then be compared with the 
appropriate basic restriction. 
5 All SAR values are to be averaged over any 6-minute period. 
6 Localized SAR averaging mass is any 10 g of contiguous tissue; the 
maximum SAR so obtained should be the value used for the estimation of 
exposure. 
7 For pulses of duration tp the equivalent frequency to apply in the basic 
restrictions should be calculated as f = 1 / (2tp).  Additionally, for pulsed 
exposures, in the frequency range 0.3 to 10 GHz and for localised 
exposure of the head, in order to limit or avoid auditory effects caused by 
thermoelastic expansion, an additional basic restriction is recommended.  
This is that the SA should not exceed 10 mJkg-1 for workers and 2 mJkg-1 
for the general public averaged over 10g of tissue. 
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Table 5.2 Basic Restrictions for Power Density for Frequencies Between 10 
and 300 GHz (UNEP/WHO/ICNIRP, 1998, p17) 
 
Exposure characteristics Power density (W/m2) 
Occupational exposure 50 
General public 10 
 
Notes: 
1 Power densities are to be averaged over any 20 cm2 of exposed area and 
any 68/f1.05-minute period (where f is in GHz) to compensate for 
progressively shorter penetration depth as the frequency increases. 
2 Spatial maximum power densities, averaged over 1 cm2 should not exceed 
20 times the values above. 
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Table 5.3 Reference Levels for General Public Exposure to Time-Varying 
Electric and Magnetic Fields (unperturbed rms values) 










Equivalent plane power 
density Seq (W/m2)
Up to 1 Hz - 3.2 x 104 4 x 104 - 
1 - 8 Hz 10 000 3.2 x 104/f2 4 x 104/f 2 - 
8 – 25 Hz 10 000 4000/f 5000/f - 
0.025 - 0.8 kHz 250/f 4/f 5/f - 
0.8 - 3 kHz 250/f 5 6.25 - 
3 – 150 kHz 87 5 6.25 - 
0.15 - 1 MHz 87 0.73/f 0.92/f - 
1 – 10 MHz 87/f½ 0.73/f 0.92/f - 
10 – 400 MHz 28 0.73 0.092 2 
400 – 2000 MHz 1.375f½ 0.0037f½ 0.0046f½ f/200 
2 – 300 GHz 61 0.16 0.2 10 
 
Notes: 
1 f is the frequency (units are as indicated in the frequency range column). 
2 Provided that basic restrictions are met and adverse indirect effects can be 
excluded, field strength values can be exceeded. 
3 For frequencies between 100 kHz and 10 GHz, Seq, E2, H2 and B2 are to be 
averaged over any 6-minute period. 
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4 For peak values at frequencies exceeding 100 kHz see Table 5.1, note 3. 
5 Between 100 kHz and 10 MHz, peak values for the field strengths are 
obtained by interpolation from the 1.5-fold peak at 100 kHz to the 32-fold 
peak at 10 MHz.  For frequencies exceeding 10 MHz it is suggested that 
the peak equivalent plane wave power density, as averaged over the pulse 
width, does not exceed 1000 times the Seq restrictions, or that the field 
strength does not exceed 32 times the field strength exposure levels given 
in the table. 
6 For frequencies exceeding 10 GHz, Seq, E2, H2 and B2 are to be averaged 
over any 68 / f1.05- minute period (f in GHz). 
7 No E-field value is provided for frequencies < 1 Hz, which are effectively 
static electric fields.  For most people the annoying perception of surface 
electric charges will not occur at field strengths less than 25 kV/m.  Spark 
discharges causing stress or annoyance should be avoided. 
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Table 5.4 Reference Levels for Occupational Exposure to Time Varying 
Electric and Magnetic Fields (unperturbed rms values) 










Equivalent plane power 
density Seq (W/m2)
Up to 1 Hz - 1.63 x 105 3f½ - 
1 - 8 Hz 20 000 1.63 x 105/f2 2 x 105/f2 - 
8 – 25 Hz 20 000 2 x 104/f 2.5 x 104/f - 
0.025 - 0.82 kHz 500/f 20/f 25/f - 
0.82 - 65 kHz 610 24.4 30.7 - 
0.065 - 1 MHz 610 1.6/f 2.0/f - 
1 – 10 MHz 610/f 1.6/f 2.0/f - 
10 – 400 MHz 61 0.16 0.2 10 
400 – 2000 MHz 3f½ 0.008f½ 0.01f½ f/40 
2 – 300 GHz 137 0.36 0.45 50 
 
Notes: 
1 f is the frequency (units are as indicated in the frequency range column). 
2 Provided that basic restrictions are met and adverse indirect effects can be 
excluded, field strength values can be exceeded. 
3 For frequencies between 100 kHz and 10 GHz, Seq, E2, H2 and B2 are to be 
averaged over any 6-minute period. 
4 For peak values at frequencies exceeding 100 kHz see Table 5.1, note 3. 
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5 Between 100 kHz and 10 MHz, peak values for the field strengths are 
obtained by interpolation from the 1.5-fold peak at 100 kHz to the 32-fold 
peak at 10 MHz.  For frequencies exceeding 10 MHz it is suggested that 
the peak equivalent plane wave power density, as averaged over the pulse 
width, does not exceed 1000 times the Seq restrictions, or that the field 
strength does not exceed 32 times the field strength exposure levels given 
in the table. 
6 For frequencies exceeding 10 GHz, Seq, E2, H2 and B2 are to be averaged 
over any 68 / f1.05-minute period (f in GHz). 
7 No E-field value is provided for frequencies < 1 Hz, which are effectively 
static electric fields.  For most people the annoying perception of surface 
electric charges will not occur at field strengths less than 25 kV/m.  Spark 
discharges causing stress or annoyance should be avoided. 
 
5.2 Australian Regulatory Limits 
In Australia the exposure limits for time-varying electromagnetic fields is a little 
bit disjointed due to conflicts of jurisdiction between State and Commonwealth 
laws and the uncertainty of health effects due to exposure to these fields. 
 
There is a specific set of limits for 50/60 Hz electromagnetic fields covered by 
State legislation.  There are no specific legal requirements for frequencies above 
the 50/60 Hz frequencies up to 2 kHz.  Then there is specific federal legislation 
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covering frequencies of 2 kHz up to 300 GHz.  However, this tends to be for 
communications equipment and other industrial applications and does not apply 
to exposures for medical treatment and other medical devices. 
 
5.2.1 50/60 Hz Electromagnetic Fields 
The relevant Australian authorities recommended, in 1989, some interim 
guidelines on limits of exposure to 50 / 60 Hz electric and magnetic fields due to 
the inconclusive results of the current studies at that time (NHMRC, 1989). 
 
The rationale for the limits on this type of electromagnetic radiation can be 
summed up in the National Health and Medical Research Council (NHMRC) 
publication (NHMRC, 1989) where is states: 
 
“It is not possible from present knowledge to make a definitive statement 
about the safety or hazard associated with long-term exposure to sinusoidal 
electric fields in the range of 1 to 10 kV/m or magnetic fields of up to 5 
millitesla (mT).  In the absence of specific evidence of particular risks or 
disease syndromes associated with such exposure, and in view of 
experimental findings on the biological effects of exposure, it would be 
prudent to limit exposure, particularly for members of the general 
population.” 
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The limits recommended in these guidelines were developed primarily on 
established or predicted immediate health effects produced by currents induced 
in the body by external electric and magnetic fields.  These limits correspond to 
induced current densities that are generally at or slightly above those normally 
occurring in the body (up to about 10 mA/m2). 
 
The limits in this guideline are based on the international recommendations of 
the WHO at the time UNEP/WHO/IRPA, 1984 and UNEP/WHO/IRPA, 1987. 
 
The exposure limits for 50 / 60 Hz electric and magnetic fields that apply in 
Australia can be seen in Table 5.5. 
 
These exposure limits were established in 1989, which is now over 12 years ago.  
Since the formulation of these limits there has been at least one update to the 
international recommendations that they are based on UNEP/WHO/IRPA, 1993 
and UNEP/WHO/ICNIRP, 1998. 
 
Since that time there have been some significant studies completed on the 
biological and health effects due to exposure to 50/60 Hz electromagnetic fields 
(see Chapter 4). 
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Table 5.5 Interim guidelines on limits of exposure to 50/60 Hz electric and 
magnetic fields (1989) (NHMRC, 1989, p 6) 
 
Exposure Characteristics E-field strength 
kV/m (rms) 
Magnetic flux 
density mT (rms) 
Occupational 






















a) The duration of exposure to fields between 10 and 30 kV/m 
may be calculated from the formula t ≤ 80/E where t is the 
duration in hours per workday and E is the electric field strength 
in kV/m. 
b) Maximum exposure duration is two hours per workday. 
c) This restriction applies to open spaces in which members of the 
general public might reasonably be expected to spend a 
substantial part of the day, such as recreational areas, meeting 
grounds and the like. 
d) These values can be exceeded for a few minutes per day 
provided precautions are taken to prevent indirect coupling. 
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5.2.2 Radiofrequency Electromagnetic Fields 
The original limits for exposure to RF electromagnetic fields were published by 
Australian Standards in 1985 (AS, 1985).  These limits were revised in 1990 to 
reflect the changes of the international recommendations that extended the 
frequency range to 100 kHz up to 300 GHz (AS, 1990).  This standard was then 
replaced by an interim standard in 1998 (AS/NZS, 1998).  This interim standard 
was withdrawn in 1999 when the committee responsible for the ratification of the 
standard did not reach the required consensus. 
 
After the withdrawal of the 1998 standard by Standards Australia, the Australian 
Communications Authority (ACA), the regulatory authority responsible for 
communications introduced its own exposure limits (ACA, 1999).  These limits 
are basically the 1998 interim limits that were withdrawn.  However, these limits 
were only applicable to RF electromagnetic fields generated by communications 
equipment in the frequency range of 825 to 960 MHz and 1880 to 1900 MHz. 
 
These limits were amended in 2000 to extend the frequency range to cover the 
800 to 2500 MHz frequency range (ACA, 2000). 
 
Currently there is a new standard being proposed to replace the withdrawn 1998 
standard (ARPANSA, 2001).  The draft was open for public comment until the 
end of May 2001.  These comments are now being processed and the new 
standard should be presented some time in the year 2002. 
 
The current exposure limits in the interim standard are listed in Tables 5.6 – 5.8. 
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Table 5.6 Interim Derived non-occupational exposure levels to time varying 
electric and magnetic fields (unperturbed rms values) (AS/NZS, 








Strength H (A/m) 
Power Flux 
Density S (W/m2) 
0.003 to 0.065 87 0.73 ✝  
0.065 to 1 87 0.23/f 0.5 ✝  
1 to 10 87/f 0.5 0.23/f 0.5 ✝  
10 to 400 27.5 0.073 2 
400 to 300 000 27.5 0.073 2 
 
* The exposure values in terms of electric and magnetic field strengths may be 
obtained by spatially averaging values over an area of nominally 30 cm x 30 
cm.  The spatial average is obtained by measurements taken at the centre and 
four corners of this square area. 




1 The exposure levels refer to values averaged over any 6 min period during the 
working day. 
2 f is the frequency in MHz. 
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Table 5.7 Interim Derived occupational exposure levels to time varying 
electric and magnetic fields (unperturbed rms values) (AS/NZS, 








Strength H (A/m) 
Power Flux 
Density S (W/m2) 
0.003 to 0.065 614 24.6 ✝  
0.065 to 1 614 1.6/f ✝  
1 to 10 614/f 1.6/f ✝  
10 to 400 61 0.16 10 
400 to 300 000 61 0.16 10 
 
* The exposure values in terms of electric and magnetic field strengths may be 
obtained by spatially averaging values over an area of nominally 30 cm x 
30cm 




1 The exposure levels refer to values averaged over any 6 min period during the 
working day. 
2 f is the frequency in MHz. 
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Table 5.8 Induced and contact RF Currents* (AS/NZS, 1998, p 11) 
 
Induced Current (mA) 
Frequency Range 





0.003 to 0.1 2000f 1000f 1000f 
0.1 to 100 200 100 - 
0.1 to 30 - - 100✝  
 
* The current limits given may not adequately protect against startle reactions 
and burns caused by transient discharges when contacting an energised object. 
✝  Although other standards quote maximum RF contact currents for frequencies 
greater than 30 MHz at present it is not practicable to make measurements 
above this frequency. 
 
Notes 
1 The induced current measurements are averaged over any 6 min period during 
and contact currents are averaged over any 1 s period. 
2 f is the frequency in MHz. 
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5.3 Precautionary Approach to Health Limits 
All the limits specified in the above tables are designed to prevent the established 
health effects due to exposure to electromagnetic fields.  These limits have safety 
margins built into them and are based on the current scientific knowledge.  
However, as can be seen by the discussion of the uncertain health effects from 
low level exposure to electromagnetic fields, there is still a degree of uncertainty 
as to whether there are health effects or not. 
The ICNIRP 1998 guidelines highlighted the issue when they stated: 
 
“It is the view of the ICNIRP that the results from the epidemiological 
research on EMF field exposure and cancer, including childhood 
leukaemia, is not strong enough in the absence of support from 
experimental research to form a scientific basis for setting exposure 
guidelines (UNEP/WHO/ICNIRP, 1998).” 
 
This level of scientific uncertainty has lead to the development and adoption of 
precautionary approaches with respect to the management of health risks. 
 
There are three concepts that have been developed to address concerns about 
public, occupational and environmental health issues: 
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5.3.1 Precautionary Principle 
The precautionary principle is: 
 A means of applying the elements of risk management when there is 
scientific uncertainty. 
 Risk oriented. 
 Used in drafting provisional responses to specific, potentially serious 
health risks. 
 Only used until more adequate data is available for a more scientific 
response. 
 Part of a structured approach to analysis of risk comprising of 
assessment, management and communication of risk (ARPANSA, 
2001). 
The decision to apply the precautionary principle is not straight forward and 
many factors need to be considered.  The European Commission stated that 
judging what is an acceptable element of risk is a political responsibility that 
needs to: 
 consider the concerns of the public, 
 be transparent, 
 involve all interested parties. 
The decision to apply the precautionary principle should be based on reasonable 
grounds regarding the particular health concern. 
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The European Commission also directed how to apply the precautionary 
principle once its use had been decided upon in a communication presented in 
February 2000.  The guidelines on how the principle should be applied are as 
follows: 
 proportional to the chosen level of required protection 
 non-discriminatory in their application 
 consistent with similar measures already taken 
 based on examination of potential benefits and costs of action or lack 
of action 
 subject to review when new scientific evidence becomes available 
 capable of assigning responsibility for producing scientific evidence 
for a more comprehensive risk assessment (CEC, 2000). 
 
5.3.2 Prudent Avoidance 
Prudent avoidance is a risk management policy for 50/60 Hz electromagnetic 
fields that was first suggested by Professor M. Grainger Morgan in 1989.  It was 
defined as: 
“taking steps to keep people out of fields by re-routing facilities and 
redesigning electrical systems and appliances (Morgan, 1990)”. 
Prudence is defined as: 
“Undertaking those avoidance activities that carry modest cost (Morgan, 
1990)”. 
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Since its introduction in 1989 prudent avoidance has changed and now is 
considered to mean taking simple, easily achievable, low cost measures to reduce 
exposure to electromagnetic fields, even in the absence of a demonstrable risk 
(WHO, 2000 March). 
 
The concept of prudent avoidance has been adopted as policy in parts of the 
electrical sector in Australia, Sweden and a few states of the USA (California, 
Colorado, Hawaii, New York, Ohio, Texas and Wisconsin) (WHO, 2000 March). 
 
Prudent avoidance was first recommended in Australia in 1991 as part of the 
findings of an inquiry into community needs and high voltage transmission line 
development.  This inquiry was conducted by Sir Harry Gibbs who stated: 
 
“It has not been established that electric or magnetic fields of power 
frequency are harmful to human health but, since there is some evidence 
that they may do harm, a policy of prudent avoidance is recommended 
(Gibbs, 1991)”. 
 
Since the Gibbs inquiry there have been two other public inquires recommending 
the use of prudent avoidance. 
1. The Peach Panel (Victoria 1992) recommended: 
“Planning for all new transmission and distribution facilities take prudent 
avoidance into account.  When designing these facilities regard should be 
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given to their capacity to produce magnetic fields, and in siting them, 
regard should be given to their proximity to houses, schools and the 
like.” 
2. The Australian Senate Economics References Committee (1995) 
recommended: 
“In acknowledging (these) community concerns, the Committee agrees 
that, as a minimum policy or until evidence suggests otherwise, the 
concept of prudent avoidance should continue to be practised by 
Government and power authorities.” 
 
In 1997 Australia adopted a policy of prudent avoidance with regard to new 
transmission lines, with measures described by the government as general 
guidance to be implemented without undue inconvenience (WHO, 2000 March). 
 
It is important to note that the terms used to define prudent avoidance are general 
terms.  So the recommendations given by various authorities are generally broad 
in nature and are not some set of fixed rules or limits. 
 
5.3.3 As Low As Reasonably Achievable (ALARA) 
ALARA is an acronym for the term as low as reasonably achievable.  It is a 
policy used to minimise known risks, by keeping exposures as low as reasonably 
possible, taking into account risks, benefits to public health and safety, economic 
factors, technology and societal factors.  ALARA has been applied in the context 
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of ionising radiation where it is supplementary to the limits (ICRP, 1991).  In 
ionising radiation the limits are set at a level where there is an acceptable risk.   
 
However, even below those limits it is believed there is a low risk of stochasitc 
health effects, and ALARA is designed to minimise that risk.  In contrast to 
ionising radiation, in the field of radiofrequency the scientific data suggests that 
there is a threshold level for health effects. 
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6 Measurement Methodology for EMR 
 
During the experimental measurement of any quantity there are certain 
considerations that must be taken into account before, during, and after the 
measurement to ensure that the results and conclusions are valid. 
 
1. Establish the phenomenon that is to be measured and ensure that it is possible 
to quantify it.  The establishment of definite measurement parameters will be 
important. 
 
2. Use of the same methodology for different situations ensuring that 
measurement results can be compared. 
 
3. Investigation of circumstances that can affect the measurements and errors 
that could occur during the experimental measurements. 
 
6.1 Instrumentation 
There are three main components to an electric or magnetic field-measuring 
instrument: 
1. the probe, 
2. the leads, 
3. the monitor. 
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To ensure appropriate measurements, the following instrumentation 
characteristics are required or are desirable: 
 
• the probe must respond to only the E-field or the H-field and not to 
both simultaneously. 
• the probe most not produce significant perturbation of the field. 
• the leads from the probe to the monitor must not disturb the field at the 
probe significantly, or couple energy from the field. 
• the frequency response of the probe must cover the range of 
frequencies required to be measured. 
• if used in the reactive near-field, the dimensions of the probe sensor 
should preferably be less than a quarter of a wavelength of the highest 
frequency present. 
• the instrument should indicate the root mean square (rms) value of the 
measured field parameter. 
• the response time of the instrument should be known.  It is desirable to 
have a response time of about 1 second or less, so that intermittent 
fields are easily detected. 
• the probe should be responsive to all polarisation components of the 
field. This may be accomplished, either by inherent isotropic response, 
or by physical rotation of the probe through three orthogonal 
directions. 
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• good overload protection, battery operation, portability, and rugged 
construction are the other desirable characteristics. 
• instruments provide an indication of one or more of the following 
parameters: 
 (a) Average power density (W/m2, mW/cm2) 
 (b) Average E field (V/m) or mean square E field (V2/m2) 
 (c) Average H field (A/m) or mean square H field (A2/m2) 
 
However, no instrument actually measures average power density and this 
quantity is not useful in the near-field of sources.  Power density is measured in 
the far-field by E-field or H-field probes.  The surveyor should be aware of the 
field parameter (E or H) to which the instrument responds, and that exposure 
standards generally stipulate limits corresponding to both field parameters.  
Equivalent plane wave power density is certainly a convenient unit, but in the 
reactive near-field, E and H components must be measured and compared with 
the corresponding exposure limits (UNEP/WHO/IRPA, 1993). 
 
6.2 Methodology Theory 
The measurement of the fields is not a simple procedure.  This is because of the 
often complex electric and magnetic fields produced by the countless sources 
which contribute to human field exposure (Gish, Feero et al., 1995). 
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The model for the effective measurement of field sources developed by Gish is 
based on the following criteria: 
 
1. Develop a comprehensive list of potentially relevant field parameters 
for characterisation based on plausible biological significance and 
practicality of measurement. 
2. Develop a procedure for cataloguing sources based on environments in 
which they are used and observable characteristics which are likely 
indicators of their field characteristics. 
3. Develop protocols for measuring, characterising, and documenting the 
potentially relevant electric and magnetic field parameters produced in 
the vicinity of a broad range of sources. 
4. Test the recommended procedures on source equipment ranging from 
home appliances to power plant apparatus (Gish, Feero et al., 1995). 
 
6.3 Measurement Equipment 
6.3.1 Holaday Hi-3604 ELF / Power Frequency EMF Survey Meter 
6.3.1.1 ELF Meter Specifications 
Frequency response Electric field 50 - 60 Hertz (Hz) 
Magnetic field 50 - 60 Hertz (Hz) 
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Sensitivity Electric field 0.05 - 200 volts/metre (V/m) 
Magnetic field 0.1 - 20 gauss (G) 
 
Figure 6.1 Holaday Hi-3604 – ELF Survey Meter 
 
6.3.1 2 ELF Meter Principles of Operation 
“Electric fields are detected by a displacement current sensor which consists 
of two thinly separated conductive disks which are connected together 
electrically.  When immersed in an electric field, charge is redistributed among 
the two parallel disks such that the electric field between the two disks 
remains at zero.  This redistribution of charge is reflected as a displacement 
current which can be measured and subsequently, related to the external 
electric field strength.  This type of transducer possesses a flat frequency 
response and permits accurate measurement of fields having significant 
harmonic content with energy at frequencies above the fundamental of 50 or 
60 Hz. 
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Surrounding the circular displacement current sensing disks is a coil 
consisting of several hundred turns of fine gauge wire.  When placed in an 
alternating magnetic field, a current is induced in the coil which is 
proportional to the strength of the applied magnetic field.  Magnetic field 
strength is then determined by measuring the voltage developed across the 
terminals of the coil.  While an unterminated loop will provide an output 
which is directly proportional to the strength of the magnetic field this meter 
employs electronic compensation circuity which results in a tailored frequency 
response that is flat in the frequency range that of importance to power 
frequency measurements.  This allows the meter to be used in environments 
having significant resultant fields. 
 
The outputs of both field transducers are measured with a true root-mean-
square (RMS) detector.  True RMS detection offers accurate evaluation of 
fields having a variety of waveforms, including non-sinusoidal waveforms. 
 
Instrument accuracy is derived from a field calibration using a one metre 
diameter pair of Helmholtz coils for establishing an accurately known 
magnetic field strength, and a pair of parallel one-metre square aluminium 
plates separated by 30cm for creating a known electric field strength.  In the 
case of the Helmholtz coils a precisely controlled and measured sinusoidal 
current is driven through the coils and based on the dimensions of the coils the 
magnetic field strength in units if milligauss (mG) is calculated.  For electric 
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fields, a sinusoidal voltage impressed across the two parallel plate electrodes is 
directly measured and used to calculate the field strength by dividing the 
applied voltage by the plate spacing to obtain field strength in units of volts 
per metre (V/m).  In each case, both currents and voltages in the calibration 
set-ups are determined with a true RMS detector (Holaday, 1992)." 
 
6.3.2 Holaday Hi-3603 VDT/VLF Radiation Survey Meter 
6.3.2.1 VLF Meter Specifications 
Frequency response Electric field 2 kHz - 300 kHz (±2dB) 
Magnetic field 8 kHz - 300 kHz (±2dB 
Sensitivity Electric field 0.05 - 1999 V/m 
Magnetic field 0.05 - 1999 (mA/m) 
 
6.3.2.2 VLF Meter Principles of Operation 
“The electric fields are measured through the use of a displacement current 
sensor.  A displacement current sensor operates on the principle that two 
parallel conductive flat-plate electrodes, when electrically connected together, 
will exhibit a displacement current which flows between the two plates when 
immersed in an electric field.  This can be visualised by remembering that the 
electric field between two such plates must be zero when they are connected 
together.  This is because they are at the same potential, so there can be no 
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electric field between them (an electric field exists when the potential on the 
two electrodes is different). 
 
Figure 6.2 Holaday Hi-3603 – VLF Survey Meter 
 
Another way of viewing this phenomenon is to understand that, when 
immersed in an electric field, the external field causes a redistribution of 
electric charge on the two electrodes and this redistribution of charge is in 
reality just a flow of current; a displacement current, between the two plates. 
The HI-3600 uses this principle to detect electric fields by measuring the 
displacement current caused by the ambient field between two closely spaced 
circular disks.  By placing such a detector in a known electric field, the 
resulting displacement current can be related directly to the magnitude of the 
field, permitting its calibration. 
A circular sensing plate surrounded by a "guard ring" is used in the HI-3600 
and the displacement current developed between this smaller diameter disk 
and a closely spaced 20cm circular disk electrode is sensed and converted to 
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equivalent electric field strength.  Because the larger electrode is used as a 
reference in the measurement process, for accurate measurements of electric 
fields, the sensor must be oriented in such a way that incident field lines strike 
the smaller disk. 
 
Magnetic fields are measured through the use of a five-turn loop wound about 
the periphery of the circular electric field sensing electrodes.  This loop is 
shielded from electrostatic fields, ensuring that its response is due solely to the 
magnetic field.  Open circuited loops are frequency sensitive devices which 
provide an output that is proportional to the time rate of change of the 
magnetic field fluxing through the aperture of the loop.  In contrast to this, in 
the case of the HI-3600 design, the loop sensor has been resistively loaded to 
produce a relatively flat response over the frequency range of interest for VLF 
emissions and an output that is proportional to the magnitude of the magnetic 
field.  Thus, the HI-3600 is capable of accurately measuring the strength of 
magnetic fields for all kinds of VLF frequencies. 
Instrument accuracy is derived from a field calibration using a one metre 
diameter pair of Helmholtz coils for establishing an accurately known 
magnetic field strength and a transverse electromagnetic (TEM) cell for 
creating a known electric field strength.  In the case of the Helmholtz coils, a 
precisely controlled and measured sinusoidal current is driven through the 
coils and, based on the dimensions of the coils, the magnetic field strength in 
milliamperes per metre (mA/m) is calculated.  For electric fields, a sinusoidal 
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voltage impressed across the cell, is directly measured and, using the spacing 
between the TEM cell’s septum (central conductor) and wall, the electric field 
strength in volts per metre (V/m) is determined as the voltage difference 
divided by the spacing.  In each case, both currents and voltages in the 
calibration set-ups are determined with a true RMS detector (Holaday, 1992).” 
 
6.3.3 Protek RF Field Strength Analyser 
6.3.3.1 RF Meter Specifications 
Frequency Response 100kHz to 2060MHz 
Frequency Accuracy  + 12.5PPM 
Reception Mode  N-FM, W-FM, AM and SSB 
Step Frequency  Multiples of 5kHz and 6.25kHz at 5kHz to 9995kHz 
Scan Speed 1  2.5Ch/sec maximum 
Level Measurement 
N-FM Mode : 1MHz ~ 2000MHz (-10dBµV ~ -40dBµV) 
: Resolution  + 0.5dBµV 
: Accuracy  + 3dB (at ambient temp (23oC+3oC) 
     and at a calibrated frequency) 
: Repeatability + 2dB 
: Bandwidth  Approximately 12.5kHz (-6dB) 
 
W-FM, AM, SSB : 10MHz ~ 2000MHz (0dBµV ~ 50dBµV) 
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: Resolution  + 0.5dBµV 
: Accuracy  + 3dB (at ambient temp (23oC+3oC) 
     and at a calibrated frequency) 
: Repeatability + 2dB 
: Bandwidth  W-FM Approximately 180kHz (-6dB) 
   AM, SSB Approx. 2.4kHz (-6dB) 
 
 
Figure 6.3 Protek RF Field Strength Analyser 
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6.4 Measurement Methodology 
6.4.1 Inverter Measurement Methodology for the ELF and VLF Range 
There are a variety of inverters that are currently commercially available.  They 
vary in design and operating size.  Therefore, the manufacturer of the inverter 
should not be the most significant factor that affects the strength of the EME 
emitted from these devices.  But rather properties such topology, component 
selection, mechanical design and the level of screening incorporated into their 
design will control emission levels. 
 
Because the design of the inverters may vary significantly, the impact of capacity 
and loading on the EME levels will be the main focus of this investigation.  
Measurements will be conducted on inverters of different capacity, operating at 
different loadings. 
 
Since the actual design of the inverters may vary significantly from manufacturer 
to manufacturer, the location of the maximum and minimum EME levels cannot 
be easily predicted. 
Hence, measurements were taken at nine locations across the surface of the front 
of the inverter (Figure 6.4) to establish the location of both the minimum and 
maximum values for each distance. 
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Figure 6.4 Measurement Locations on Inverters for ELF and VLF Range 
 
Measurements were taken at each of the nine positions for distances of 10, 20, 
40, 80, and 160cm out from the outer surface of the inverter cabinet. 
The meter was aligned in each of the three axis to determine the axis with the 
maximum reading.  This axis was then used for all further measurements of that 
particular inverter.  This maximum axis was verified at other positions during the 
measurement. 
This measurement represents the root mean square (rms) value of the power 
radiating through the detector.  This value does not represent the true maximum 
value of the field strength but probably underestimates the true value to some 
degree.  However, because of the squared relationship between field strength and 
distance from the inverter this underestimation is not significant enough to be 
considered an issue the further out the measurements are taken. 
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6.4.2 Generator Measurement Methodology for the ELF and VLF Range 
The location of the maximum EME level was determined for each side of the 
generator.  Field strength levels at distances of 10, 20, 40 and 80 cm out from the 
outer casing of the generator were then measured for these maxima points. 
 
6.4.3 Measurement Methodology for the RF Range (0.150 – 2000 MHz) 
The two pieces of equipment selected for these measurements were the diesel 
generator (Generator 1) and the 20 kVA inverter (Inverter 4) located in the 
ACRE Lab at Murdoch University. 
 
The bandwidth chosen for the RF measurements is quite wide.  It would not be 
practical to measure the bandwidth in one scan.  For this reason the bandwidth 
was broken into 19 different sections (Table 6.1). 
 
To establish if there were any significant RF emissions from the selected 
equipment, a background baseline was measured when the equipment was not 
operating. 
 
Measurement scans of the RF bandwidth were then completed when the 
equipment was operational. 
 
The RF measurement equipment was set up as per Figure 6.5. 
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AM 0.150 1.71 10 -10 AM 
MHZ 1 1 20.78 120 -10 SSB 
MHZ 2 20.08 39.16 120 -10 SSB 
MHZ 3 39.16 58.24 120 -10 SSB 
MHZ 4 58.24 77.32 120 -10 SSB 
MHZ 5 77.32 96.4 120 -10 N-FM 
MHZ 6 96.4 115.48 120 -10 N-FM 
MHZ 7 115 274 1000 -10 SSB 
MHZ 8 274 433 1000 -10 SSB 
MHZ 9 433 592 1000 -10 SSB 
MHZ 10 592 751 1000 -10 SSB 
MHZ 11 751 910 1000 -10 SSB 
MHZ 12 910 1069 1000 -10 SSB 
GHZ 1 1069 1228 1000 -10 SSB 
GHZ 2 1228 1387 1000 -10 SSB 
GHZ 3 1387 1546 1000 -10 SSB 
GHZ 4 1546 1705 1000 -10 SSB 
GHZ 5 1705 1864 1000 -10 SSB 
GHZ 6 1864 2000 1000 -10 SSB 
 
Because of the possibility of spurious results occurring during measurements the 
bandwidth was scanned four separate times for each of the operational and non- 
operational situations for the generator and inverter.  These multiple 
measurements allowed for signal averaging, reducing the impact of anomalous 
measurements. 
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Figure 6.5 RF Measurement Equipment Setup 
 
 
EME Emissions from RAPS Systems 2002 
 Page 117 
7 ELF and VLF Measurement Results 
7.1 Inverters 
Inverters are used to convert the extra-low voltage DC power to the more useful 
240V AC that is used by most common electrical appliances.  This process is 
usually completed in two separate steps.  The DC is converted to 50 Hz AC and a 
transformer is used to increase the voltage.  The order in which these steps occur 
can vary according to the system requirements. 
 
The ELF and VLF electric and magnetic field strengths for a number of inverters, 
operating under various conditions (Table 7.1) were measured.  The 
measurement methodology used for these measurements is explained in 6.4.1. 
 
Table 7.1 Description of Measured Inverters 
Inverter Inverter Specifications Operating Conditions 
1 
Advanced Energy Systems 
48 Volt DC / 240 Volt : 50 Hz AC
2kW Sine Wave Inverter 
Refrigerator, Lights and 
microwave operating within 
MUERI RAPS display  
2 
Australian Solar Distributors 
Magnum Eclipse 8000 
2500 VA continuous supply 
Lights, Heater and Television 
operating within MUERI 
RAPS display 
3 Power Solutions Australia 
5 kW Inverter Operating at maximum load 
4 20 kVA Inverter connected to a 
hybrid system 
Diesel generator charging 
battery bank only – through 
inverter.  Voltage – 127.5 V 
Current – 100 A 
4A 
20 kVA Inverter connected to a 
hybrid system 
Drawing full load (11.5 kW) 
from batteries only - through 
inverter 
4B 
20 kVA Inverter connected to a 
hybrid system 
Drawing full load (28 kW) 
from batteries and diesel 
generator - through inverter 
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7.1.1 Inverter Measurements 
Figure 7.1 Inverter 1- Advanced Energy Systems 48 Volt DC / 240 Volt:  
50 Hz AC 2kW Sine Wave Inverter 
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Table 7.2 Magnetic field strength B in mG adjacent to Inverter 1 for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 160 
Top - LC 21.2 11.98 3.79 0.395 0.377 
Top - MF 34.5 21.5 7.46 1.4 0.338 
Top - RC 21.4 10.99 5.06 2.87  
Middle - LC 14.25 12.78 6.39 1.6 0.442 
Middle - MF 26.6 14.78 6.85 1.3 0.218 
Middle - RC 11.89 8.12 2.96 1.6  
Bottom - LC 37.2 24.2 10.04 2.1 0.336 
Bottom - MF 69.5 37.8 13.81 2.77 0.24 
Bottom - RC 26.4 15.1 6.13   
 
Table 7.3 Electric field strength in V/m adjacent to Inverter 1 for the 
ELF Range 
 
Distance from Inverter Measurement 
Location 10 20 40 
Top - LC 15.8 6.78 4.77 
Top - MF 25.34 2.89 3.31 
Top - RC 19.5 23.1 13.89 
Middle - LC 27.6 9.99 9.55 
Middle - MF 25.1 4.49 3.75 
Middle - RC 25.8 18.8 16.3 
Bottom - LC 3.99 2.2 2.97 
Bottom - MF 2.32 2.19 10.26 






















































 Graph 7.2 Inverter 1 ELF E-Field Strength Vs Distance
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Table 7.4 Magnetic field strength H in mA/m adjacent to Inverter 1 for 
the VLF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 
Top - LC 38.8 11.21 1.37 1.79 
Top - MF 12.48 7.73 1.46 1.6 
Top - RC 70.1 19.2 2.16 0.96 
Middle - LC 88.1 53.1 22.3 4.91 
Middle - MF 93.8 66.7 29.7 6.09 
Middle - RC 75.1 34.5 15.73 4.05 
Bottom - LC 15.7 24.9 16.79 3.67 
Bottom - MF 25.1 34 20.6 5.45 
Bottom - RC 48.8 29.8 13.29 4.55 
 
Table 7.5 Electric field strength in V/m adjacent to Inverter 1 for the 
VLF Range 
 
Distance from Inverter Measurement 
Location 10 20 40 
Top - LC 0.78 0.29 0.16 
Top - MF 0.56 0.34 0.19 
Top - RC 0.48 0.29 0.17 
Middle - LC 0.32 0.38 0.16 
Middle - MF 0.38 0.28 0.16 
Middle - RC 0.69 0.14 0.17 
Bottom - LC 0.65 0.28 0.15 
Bottom - MF 0.96 0.49 0.19 

























































 Graph 7.4 Inverter 1 VLF E-Field Strength Vs Distance
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Figure 7.2 Inverter 2 - Australian Solar Distributors Magnum Eclipse 
8000 2500 VA continuous supply 
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Table 7.6 Magnetic field strength B in mG adjacent to Inverter 2 for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 160 
Top - LC 10.21 8.11 7.23 2.08  
Top - MF 65.1 9.29 7.46 2.93 0.487 
Top - RC 20.5 7.61 7.25 2.3 0.426 
Middle - LC 94.9 39.1 11.86 2.54 0.446 
Middle - MF 327 99.2 21.8 3.42 0.542 
Middle - RC 98.2 42.9 12.03 2.53 0.579 
Bottom - LC 13.5 6.18 5.52 2.08  
Bottom - MF 62.3 10.58 7.56 2.87 0.504 
Bottom - RC 22.1 11.81 7.54 2.25 0.564 
 
Table 7.7 Magnetic field strength H in mA/m adjacent to Inverter 2 for 
the VLF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 
Top - LC 299 137.7 52.4 
Top - MF 366 134.7 16.03 
Top - RC 92.9 28.8 25.1 
Middle - LC 384 348 153.2 
Middle - MF 996 436 144.5 
Middle - RC 475 301 135.3 
Bottom - LC 238 78.9 121.5 
Bottom - MF 692 106.3 102.3 
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Figure 7.3 Inverter 3 – Power Solutions Australia 5 kW Inverter 
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Table 7.8 Magnetic field strength B in mG adjacent to Inverter 3 for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 160 
Top - LC 54.1 20.9 9.25 4.6 2.4 
Top - MF 91.8 52.3 16.04 6.2 2.6 
Top - RC 64.9 30.6 25 10.7 2.8 
Middle - LC 60.6 35.7 10 3.9 1.5 
Middle - MF 136.8 73 22 10.7 2.6 
Middle - RC 160.2 62.9 31 12 2.5 
Bottom - LC 180.3 61.6 20 4 1.6 
Bottom - MF 130 73.4 18 6 2.3 
Bottom - RC 173.5 79.4 24 12 2.3 
 
Table 7.9 Electric field strength in V/m adjacent to Inverter 3 for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 
Top - LC 55 25 20 
Top - MF 51 14 35 
Top - RC 31 60 109 
Middle - LC 54 33 45 
Middle - MF 53 32 75 
Middle - RC 78 79 160 
Bottom - LC 127 72 74 
Bottom - MF 75 75 92 

















































Graph 7.8 Inverter 3 ELF E-Field Strength Vs Distance
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Table 7.10 Magnetic field strength B in mG adjacent to Inverter 4 for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 
Top - LC 6.5 2.5 1.15 0.3 
Top - MF 7.2 2.7 1.16 0.31 
Top - RC 6.53 3.3 0.785 0.41 
Middle - LC 14.9 1.5 2.06 1.3 
Middle - MF 9.9 6.6 3.75 1.8 
Middle - RC 17.8 12.8 5.55 2.2 
Bottom - LC 26.6 12.2 4.2 1.3 
Bottom - MF 55.2 29.7 10.2 2.3 
Bottom - RC 27.9 14.8 4.96 0.69 
 
Table 7.11 Magnetic field strength H in mA/m adjacent to Inverter 4 for 
the VLF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 
Top - LC 38 21 9.2 3.1 
Top - MF 77 31 11.29 3.4 
Top - RC 139 57 24 4.1 
Middle - LC 61 21 22 9.2 
Middle - MF 32 29 21.4 11.1 
Middle - RC 94 31 26 10.2 
Bottom - LC 131 58.9 24.9 9.6 
Bottom - MF 104 50 43 14.7 
























































Graph 7.10 Inverter 4 VLF H-Field Strength Vs Distance
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Table 7.12 Magnetic field strength B in mG adjacent to Inverter 4A for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 
Top - LC 5.3 3.57 2.1 0.5 
Top - MF 6.2 2.38 1.42 0.3 
Top - RC 4.7 3.1 1.6 0.3 
Middle - LC 15.8 11.9 2.35 1.2 
Middle - MF 9.6 7.8 4.2 1.7 
Middle - RC 9.8 7.5 3.6 1.5 
Bottom - LC 21.8 12.6 4 1.4 
Bottom - MF 42 30.2 3.2 1.6 
Bottom - RC 21.5 11.7 6.3 0.9 
 
Table 7.13 Magnetic field strength H in mA/m adjacent to Inverter 4A for 
the VLF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 
Top - LC 35.6 18.1 6.74 2.6 
Top - MF 46 25.8 8.45 2.6 
Top - RC 78 34.5 9.2 2.6 
Middle - LC 58 27.4 13 7.3 
Middle - MF 23 20.8 16 8.2 
Middle - RC 78.4 31.1 14.2 7.3 
Bottom - LC 62.8 38.8 20.2 8.4 
Bottom - MF 240 117 38.5 21 




















































Graph 7.12 Inverter 4A VLF H-Field Strength Vs Distance
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Table 7.14 Magnetic field strength B in mG adjacent to Inverter 4B for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 
Top - LC 5.3 2.4 1.6 0.5 
Top - MF 3.4 2.6 1.4 0.3 
Top - RC 3.3 1.7 1.1 0.25 
Middle - LC 12.3 5.1 4.7 0.8 
Middle - MF 7.4 5.9 3.2 1 
Middle - RC 9.89 5.9 2.92 1 
Bottom - LC 11.89 8.4 3.6 1.1 
Bottom - MF 53.4 26.2 8.1 1.8 
Bottom - RC 18.5 9.2 2.3 1.2 
 
Table 7.15 Magnetic field strength H in mA/m adjacent to Inverter 4B for 
the VLF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 80 
Top - LC 32.8 26.3 5.2 1.2 
Top - MF 35.5 20.4 6.6 1.5 
Top - RC 48.2 22.8 6.4 2.5 
Middle - LC 56.2 22.8 10.8 6.6 
Middle - MF 21.2 17.8 9.7 76 
Middle - RC 61.7 20.2 11.6 6.2 
Bottom - LC 165.3 74.3 26.4 8.5 
Bottom - MF 180 114.7 39.1 12.3 


























































Graph 7.14 Inverter 4B VLF H-Field Strength Vs Distance
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Table 7.16 Maximum electric field strengths in V/m adjacent to Inverters 
4, 4A and 4B for the ELF and VLF Ranges 
 
Inverter ELF E-Field (V/m) VLF E-Field (V/m) 
4 1.6 1 
4A < 2 < 1 
4B < 2 < 0.2 
 
* All levels measured represent the maximum level measured across the nine 
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7.1.2 Review of Inverter Measurements 
7.1.2.1 Inverter 1 
The maximum ELF B-field level measured was 69.5 mG at the bottom – MF 
location at 10cm.  The measured B-field for all locations dropped below the 4 
mG mark at a distance of 80cm from the outer surface of the inverter cabinet 
(Graph 7.1). 
 
The maximum ELF E-field level measured was 39.4 V/m at the bottom – RC 
location at a distance 20cm (Graph 7.2).  This is well below the 5kVm-1 limit 
specified in Table 5.5. 
 
The maximum VLF H-field level measured was 93.8 mA/m at the middle – MF 
location at 10 cm (Graph 7.3).  This is below the recommended ICNIRP limit of 
2.43 to 5 A/m for the 3 to 300 kHz bandwidth specified in Table 5.3. 
 
The maximum VLF E-field level measured was 0.96 V/m at the bottom – MF 
location at 10cm (Graph 7.4).  This is well below the 87 Vm-1 ICNIRP limit 
specified in Table 5.3 
 
7.1.2.2 Inverter 2 
The maximum ELF B-field level measured was 327 mG at the middle – MF 
location at 10cm.  The measured B-field for all locations dropped below the 4 
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mG mark at a distance of 80cm out from the outer surface of the inverter cabinet 
(Graph 7.5). 
 
The maximum VLF H-field level measured was 996 mA/m at the middle – MF 
location at 10 cm (Graph 7.6).  This is below the recommended ICNIRP limit of 
2.43 to 5 A/m for the 3 to 300 kHz bandwidth specified in Table 5.3. 
 
7.1.2.3 Inverter 3 
The maximum ELF B-field level measured was 180.3 mG at the Bottom – LC 
location at 10cm.  The measured B-field for all locations dropped below the 4 
mG mark at a distance of 160cm from the outer surface of the inverter cabinet 
(Graph 7.7). 
 
The maximum ELF E-field level measured was 210 V/m at the bottom – RC 
location at 40cm (Graph 7.8).  This is well below the 5kVm-1 limit specified in 
Table 5.5. 
 
7.1.2.4 Inverter 4 
The maximum ELF B-field level measured was 55.2 mG at the bottom – MF 
location at 10cm.  The measured B-field for all locations dropped below the 4 
mG mark at a distance of 80cm from the outer surface of the inverter cabinet 
(Graph 7.9). 
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The maximum VLF H-field level measured was 131 mA/m at the top – RC 
location 10 cm (Graph 7.10).  This is below the recommended ICNIRP limit of 
2.43 to 5 A/m for the 3 to 300 kHz bandwidth specified in Table 5.3. 
 
7.1.2.5 Inverter 4A 
The maximum ELF B-field level measured was 42 mG at the bottom – MF 
location at 10cm.  The measured B-field for all locations dropped below the 4 
mG mark at a distance of 80cm from the outer surface of the inverter cabinet 
(Graph 7.11). 
 
The maximum VLF H-field level measured was 240 mA/m at the bottom – MF 
location 10 cm (Graph 7.12).  This is below the recommended ICNIRP limit of 
2.43 to 5 A/m for the 3 to 300 kHz bandwidth specified in Table 5.3. 
 
7.1.2.6 Inverter 4B 
The maximum ELF B-field level measured was 53.4 mG at the bottom – MF 
location at 10cm.  The measured B-field for all locations dropped below the 4 
mG mark at a distance of 80cm from the outer surface of the inverter cabinet 
(Graph 7.13). 
 
The maximum VLF H-field level measured was 180 mA/m at the bottom – MF 
location 10 cm (Graph 7.14).  This is below the recommended ICNIRP limit of 




















































































Figure 7.17 Maximum VLF B-Field Levels for Various Inverters 
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7.2 Generators 
Originally generators were connected directly to the load of the system and they 
would supply energy on demand.  This simple arrangement is quite inefficient.  
This is especially true when the load is quite small in comparison to the capacity 
of the engine.  The need for the engine to operate every time that there is a power 
requirement is inconvenient.  This requirement also reduces the efficiency and 
the overall lifetime of the engine. 
 
A more efficient system is where the generator is used to charge the battery bank.  
This ensures that the generator operates at full load and intermittent times making 
the system more efficient. 
The generator can also be used to run the load directly in times of high load.  
This helps reduce the overall cost of the system by eliminating the need for the 
system to be 100% independent of a back-up generator.  This is because the cost 
to be 100% independent in winter is expensive. 
 
The ELF and VLF electric and magnetic field strengths for two different 
generators, operating under different operating conditions (Table 7.17) were 
measured.  The measurement methodology used for these measurements is 
explained in 6.4.2. 
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Table 7.17 Description of Measured Generators 
Generator Generator Specifications Operating Parameters 
1A Operating at full load 
414 V, 24 A, 50.1 Hz 
1B 
ACRE Diesel Motor 
25 kVA Charging battery bank 
   
2A Not charging 
2B 
RAPS display Petrol Motor 
5 kVA Charging battery bank 
 
 
7.2.1 Generator Measurements 
Figure 7.5 Generator 1 – ACRE RAPS Diesel Generator 
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Table 7.16 Magnetic ELF B field strength in mG adjacent to ACRE Diesel 
Generator (1) for the ELF range - Operating at Full Load 
Distance from 
Generator (cm) 
Left Hand Side (mG) Right Hand Side (mG) 
10 171 172 
20 55.2 54.8 
40 11.1 9.9 
80 1.8 1.6 
160 0.3 Not measured 
 
 
Table 7.17 Magnetic ELF B field strength in mG adjacent to ACRE Diesel 
Generator (1) for the ELF range - Charging Battery Bank 
Distance from 
Generator (cm) 
Left Hand Side (mG) Right Hand Side (mG) 
10 159 187 
20 51.9 58.1 
40 9.55 11.1 
80 1.4 1.76 
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Figure 7.6 Generator 2 – MUERI RAPS Display Petrol Generator 
 
 
Table 7.18 Magnetic ELF B field strength in mG adjacent to RAPS display 
Generator (2) for the ELF range – No load 
Distance from 
Generator (cm) 
Left Hand Side (mG) Right Hand Side (mG) 
10 171 172 
20 55.2 54.8 
40 11.1 9.9 
80 1.8 1.6 
160 0.3 Not measured 
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Table 7.19 Magnetic ELF B field strength in mG adjacent to RAPS display 
Generator (2) for the ELF range - Charging battery bank 
Distance from 
Generator (cm) 
Left Hand Side (mG) Right Hand Side (mG) 
10 505 510 
20 180 300 
40 27 31 
80 14.5 3.8 
160 Not measured 0.32 
 
 









1 Charging – LHS 
@ 10cm 
7 35 0.12 
1 Charging – RHS 
@ 10cm 
4 20 0.07 
     
2 No Load – LHS 
@ 10cm 
8 35 0.2 
2 No Load – RHS 
@ 10cm 
6 38 0.18 
2 Load – LHS @ 
10cm 
11 49 0.3 
2 Load - RHS@ 
10cm 
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Graph 7.19 Generator 2 ELF B-Field Strength Vs Distance
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7.2.2 Review of Generator Measurements 
7.2.2.1 Generator 1 
The maximum ELF B-field level measured was 187 mG at 10cm from the right 
hand side surface.  The measured B-field for all locations dropped below the 4 
mG mark at a distance of 80cm from the outer surface of the generator (Graph 
7.18). 
 
The maximum ELF E-field level measured was 7 V/m on the LHS at 10cm 
(Table 7.20).  This is well below the 5kVm-1 limit specified in Table 5.5. 
 
The maximum VLF H-field level measured was 35 mA/m on the LHS at 10 cm 
(Table 7.20).  This is below the recommended ICNIRP limit of 2.43 to 5 A/m for 
the 3 to 300 kHz bandwidth specified in Table 5.3. 
 
The maximum VLF E-field level measured was 0.12 V/m at 10cm on the LHS 
(Table 7.20).  This is well below the 87 Vm-1 ICNIRP limit specified in Table 5.3 
 
7.2.2.2 Generator 2 
The maximum ELF B-field level measured was 510 mG at 10cm out from the 
right hand side surface.  The measured B-field for all locations dropped below 
the 4 mG mark at a distance of 160cm from the outer surface of the generator 
(Graph 7.19). 
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The maximum ELF E-field level measured was 11 V/m on the LHS at 10cm 
(Table 7.20), with the generator under full load.  This is well below the 5kVm-1 
limit specified in Table 5.5. 
 
The maximum VLF H-field level measured was 53 mA/m on the RHS at 10 cm 
(Table 7.20).  This is below the recommended ICNIRP limit of 2.43 to 5 A/m for 
the 3 to 300 kHz bandwidth specified in Table 5.3. 
 
The maximum VLF E-field level measured was 0.3 V/m at 10cm on the LHS 
(Table 7.20).  This is well below the 87 Vm-1 ICNIRP limit specified in Table 5.3 
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7.3 Battery Bank 
Energy is generated from PVs when there is sufficient solar radiation present or 
from wind turbines when there is a breeze blowing.  This means that there is a 
chance that demand and time of power availability from these sources do not 
coincide.  An example of this is problem is that demand for electricity at night is 
generally much higher than demand during the day. 
 
Hence the need to store the energy until such times as it is needed.  The most 
convenient and cost effective energy storage system for RAPS systems is the 
battery bank. 
 
The ELF electric and magnetic field strengths for an operational battery bank 
(Table 7.17) were measured.  The measurement methodology used for these 
measurements is the same as the process used for the inverters explained in 6.4.1. 
 
Figure 7.7 Battery Bank for a RAPS System 
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Figure 7.8 Battery Bank 
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7.3.1 Battery Bank Measurements 
Table 7.20 Magnetic ELF B field strength in mG adjacent to battery bank 
for the ELF range 
 




10 20 40 
Top - LC 0.672 0.546 0.497 
Top - MF 0.578 1.045 0.829 
Top - RC 3.03 3.26 1.459 
Middle - LC 1.10 0.556 0.628 
Middle - MF 1.627 1.152 1.397 
Middle - RC 9.24 5.27 3.19 
Bottom - LC 1.104 0.849 0.645 
Bottom - MF 0.817 0.914 0.707 
Bottom - RC 5.73 3.01 0.759 
 
Table 7.21 Electric field strength in V/m adjacent to battery bank for the 
ELF Range 
 
Distance from Inverter (cm) Measurement 
Location 10 20 40 
Top - LC 1.51 2.08 2.57 
Top - MF 1.58 2.79 6.02 
Top - RC 2.36 4.04 8.79 
Middle - LC 1.34 1.46 1.63 
Middle - MF 1.49 1.86 2.86 
Middle - RC 8.54 21.7 26.6 
Bottom - LC 1.32 1.42 1.42 
Bottom - MF 1.84 1.73 1.4 


























































Graph 7.21 Battery Bank ELF E-Field Vs Distance
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7.3.2 Review of Battery Bank ELF Measurements 
The maximum ELF B-field level measured was 9.24 mG at the middle – RC 
location at 10cm.  The measured B-field for all locations dropped below the 4 
mG mark at a distance of 40cm from the outer surface of the inverter cabinet 
(Graph 7.20). 
 
The maximum E-field level measured was 26.6 V/m at the middle – RC location 




None of the inverters measured produced ELF magnetic or electric fields greater 
than the regulatory limits (Table 5.5).  However, they did produce magnetic 
fields greater than the 4 mG mark specified by the NRPB report (AGNIR, 2001).  
The strength of these fields fell below the 4mG mark at distances ranging from 
80 to 160 cm from the inverter surface (Graph 7.16). 
 
It is interesting to note that while Inverters 1, 2 and 3 are smaller in size, the 
distance where the ELF magnetic field falls below the 4 mG mark is further out 
than that for the larger Inverter 4 (Graph 7.16). 
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The E-field strengths for the three right hand side positions increased 
significantly as distance from the inverter’s surface increased.  While the E-field 
strengths for the three left hand side positions decreased as distance from the 
inverter’s surface increased. 
 
The maximum ELF magnetic field strengths measured for all inverters occurred 
along the bottom half of the inverter casing.  This is a result of the design of the 
inverters.  For the voltage to be increased the power must be passed through 
power transformers.  These transformers are quite heavy and usually located at 
the bottom of an inverters casing (Figures 7.9 and 7.10). 
 
Figure 7.9 Internal Construction of Inverter 4 
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None of the inverters measured produced VLF magnetic or electric fields greater 
than the international recommended limits (Table 5.3).  In fact the VLF magnetic 
and electric fields measured were significantly below the recommended levels 
(Graphs 7.4 and Table 7.16). 
 





None of the generators measured produced ELF magnetic or electric fields 
greater than the regulatory limits (Table 5.5).  However, they did produce 
magnetic fields greater than the 4 mG mark specified by the NRPB report 
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(AGNIR, 2001).  The strength of these fields fell below the 4mG mark at 
distances ranging from 80 to 160 cm (Graphs 7.18 and 7.19). 
 
It is interesting to note that while Generator 2 is smaller in size, the distance 
where the ELF magnetic field falls below the 4 mG mark is nearly double that of 
the distance for Generator 2 (Graphs 7.18 and 7.19). 
 
7.4.3 Battery Bank 
None of the measured ELF magnetic fields from the battery bank exceeded the 
regulatory limits (Table 5.5).  However, the measured magnetic field strength at 
two locations (Graph 7.20) were greater than the 4 mG mark specified by the 
NRPB report (AGNIR, 2001). 
It is likely that these measured magnetic fields are due to the inverter and 
controlling equipment that is located on the right hand side of the battery bank 
rather than the battery bank itself. 
 
The strength of these fields fell below the 4mG mark at distances ranging from 
20 to 40 cm (Graph 7.20). 
 
None of the measured ELF electric fields from the battery bank exceeded the 
regulatory limits (Table 5.5.  In fact the VLF electric fields measured were 
significantly below the recommended levels (Graph 7.20). 
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The electric field strengths actually increased in size rather than decreased as is 
the general trend for electronic equipment. 
 
Again is likely that these measured electric fields are due to the inverter and 
controlling equipment that is located on the right hand side of the battery bank 
rather than the battery bank itself. 
 
7.5 ELF and VLF Background Measurements 
The background for ELF and VLF electric and magnetic field strengths were 
measured in two different locations.  The first location (1) was on a farm 
approximately 110km east of Perth, WA, and the second (2) was on the road 
outside the RAPS display at Murdoch University, Perth, WA. 
 
Table 7.22 Measured ELF and VLF background levels 
ELF VLF 
Locatio
n Electric (V/m) Magnetic (mG) Electric (V/m) Magnetic 
(mA/m) 
1 1.54 0.145 0.08 0.68 
2 2.0 0.2 0.08 0.7 
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8 Results of RF Measurements 
Measurement scans of the selected RF bandwidth were completed as per the 
methodology specified in 6.4.3, with the generator and the inverter operating at 
near to full capacity. 
 
Background scans were also completed when the generator and inverter were not 
operational. 
 
The RF measurements when the equipment was operating and the background 
levels were then plotted using EasyPlot, a scientific plotting and data analysis 
program.  The difference between the two measurements was also plotted. 
 
Boundary lines of +3dB above the base line and -3dB below the base line were 
plotted on the graphs as well.  These boundary lines represent the + 3dB 
instrument accuracy for the RF measurements. 
 
The 19 scans as per Table 6.1 were then combined to produce a series of scans 
(Table 8.1). 
 
To eliminate the issue of transient features data smoothing was carried out using 
the data smoothing tool available on the EasyPlot program (Appendix B). 
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Table 8.1 Frequency Ranges for Graphical Analysis 
 
Scan Number Start Frequency (MHz) Finish Frequency (MHz) 
Scan 1 0.15 1.75 
Scan 2 1.7 77.5 
Scan 3 77 115 
Scan 4 115 592 
Scan 5 592 1069 
Scan 6 1070 1540 
Scan 7 1541 2000 
 
8.1 Generator 
8.1.1 Generator Measurements 
The generator was operating at full load when the measurements were 
completed.  Background measurements were completed before and after the 
operating scans were completed.  The generator was operating at 50.1 Hz, 414 
volts and 24 amps. 
 
The RF meter was 40 cm from the generator when the measurements of the RF 
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Graph 8.7 - Diesel Scan 7 (1541 - 2000 MHz)
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8.1.2 Review of Diesel Generator RF Measurements 
8.1.2.1 Scan 1 – 0.15 to 1.75 MHz 
There were some individual peaks above the 3dB error margins (Graph 8.1).  
However, after data smoothing these peaks merged back below the 3dB margin 
(Graph 8.1a). 
 
8.1.2.2 Scan 2 – 1.7 to 77.5 MHz 
There were some significant individual peaks above the 3dB error margin (Graph 
8.2).  However, after data smoothing these peaks merged back below the 3dB 
margin (Graph 8.2a). 
 
8.1.2.3 Scan 3 – 77 to 115 MHz 
There were some individual peaks above the 3dB error margin (Graph 8.3).  
However, after data smoothing these peaks merged back below the 3dB margin 
(Graph 8.3a). 
 
8.1.2.4 Scan 4 – 115 to 592 MHz 
There were no levels measured above the 3dB error margin (Graphs 8.4 and 8.4a) 
 
8.1.2.5 Scan 5 – 592 to 1069 MHz 
There were no levels measured above the 3dB error margins (Graph 8.5) 
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8.1.2.6 Scan 6 – 1070 to1540 MHz 
There were no levels measured above the 3dB error margins (Graph 8.6) 
 
8.1.2.7 Scan 7 – 1541 to 2000 MHz 
There were no levels measured above the 3dB error margins (Graph 8.7) 
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8.2 Inverter 
8.2.1 Inverter Measurements 
The inverter was operating at near full load (90%) when the measurements were 
completed.  Background measurements were completed before and the day after 
the operating scans were completed. 
 
The RF meter was 10 cm from the inverter when the measurements of the RF 
emissions were performed. 
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Graph 8.14 - Inverter Scan 7 (1541 - 2000 MHz)
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8.2.2 Review of Inverter RF Measurements 
The initial broad range scans are presented in graphs 8.8 to 8.14.  After these 
initial scans there were a number of additional scans completed (8.)  These scans 
were used to investigate some interesting peaks resulting from the initial scans 
(Table 8.3) 
 











Scan 8 1.3 3 10 -10 AM 
Scan 9 40 199 1000 -10 SSB 
Scan 10 3 28 150 -10 SSB 
Scan 11 27 59 200 -10 SSB 
Scan 12 1.2 5 25 -10 AM 
 
 
8.2.2.1 Scan 1 – 0.15 to 1.75 MHz 
There are some significant peaks above the 3dB error margin in the frequency 
range of 1.4 – 1.7 MHz (Graph 8.8).  After data smoothing these peaks did not 
fall back below the 3dB margin (Graph 8.8a). 
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A scan (Scan 8) across the frequencies (1.3 to 3 MHz) indicates that there is a 
measurable increase in the RF levels due to the operation of the inverter (Graph 
8.8b and 8.8c). 
Another scan (Scan 12) confirmed the reproducibility of this peak (Graph 8.8d 
and 8.8e). 
 
8.2.2.2 Scan 2 – 1.7 to 77.5 MHz 
There are some significant peaks above the 3dB error margin in the frequency 
ranges of 3 to 27 MHz and 27 to 59 MHz (Graph 8.9).  After data smoothing 
these peaks did not fall back below the 3dB margin (Graph 8.9a). 
 
A scan (Scan 10) across the first frequency range (3 to 27 MHz) indicates that 
there is a definite increase in the RF levels due to the operation of the inverter 
(Graph 8.9b).  These increases occurred at 5, 12.1, 16, 18.8, 22.6 and 26 MHz 
(Graph 8.9c). 
 
A scan (Scan 11) across the first frequency range (27 to 59 MHz) indicates that 
there is a definite increase in the RF levels due to the operation of the inverter 
(Graph 8.9d).  These increases occurred at 36.4, 41, 44 MHz (Graph 8.9e). 
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8.2.2.3 Scan 3 – 77 to 115.5 MHz 
There were a couple individual peaks above the 3dB error margins (Graph 8.10).  
However, after data smoothing these peaks merged fell below the 3dB margin 
(Graph 8.10a). 
 
8.2.2.4 Scan 4 – 115 to 592 MHz 
There were a couple individual peaks above the 3dB error margins (Graph 8.11).  
However, after data smoothing these peaks merged back below the 3dB margin 
(Graph 8.11a). 
 
8.2.2.5 Scan 5 – 592 to 1069 MHz 
There were a couple individual peaks above the 3dB error margins (Graph 8.12).  
However, after data smoothing these peaks merged back below the 3dB margin 
(Graph 8.12a). 
 
8.2.2.6 Scan 6 – 1070 to1540 MHz 
There were no levels measured above the 3dB error margins (Graph 8.13) 
 
8.2.2.7 Scan 7 – 1541 to 2000 MHz 
There were no levels measured above the 3dB error margins (Graph 8.14) 
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8.3 Findings 
8.3.1 Generator 
There were no significant RF EMR levels measured above background from the 
generator when it was operating. 
 
This result is not unexpected because the diesel generator is commercially 




There were some measurable RF EMR levels, in the 0.15 to 77.5 MHz 
bandwidth above background from the inverter, when it was operating. 
 
There were no significant RF EMR levels measured above background in the 
77.5 to 2000 MHz bandwidth. 
 
8.4 Comparison to Referenced Limits 
The measurements in dBµV, were not converted to units of V/m or µW/cm2 for 
comparison with the referenced limits.  This is because there were no overall 
significant RF levels measured above background. 
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9 Conclusions 
9.1 EMR Emissions from Generators 
9.1.1 ELF EMR Emissions from Generators 
RAPS generators do emit ELF magnetic fields greater than 4 mG.  However, the 
positioning of these devices at distances greater than 160cm, from regularly 
occupied areas should ensure that this level is not exceeded. 
 
The measured ELF electric fields emitted by generators do not appear to be at 
significant enough levels to warrant any concern. 
 
Designers of RAPS systems should take note that the manufacturer of the 
generator is not a good indication of the level of electromagnetic emissions, ie 
smaller generators do not necessarily produce weaker field strengths. 
 
9.1.2 VLF EMR Emissions from Generators 
The measured VLF magnetic and electric fields emitted by generators do not 
appear to be at high enough levels to warrant any concern. 
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9.1.3 RF EMR Emissions from Generators 
There were no significant RF (0.15 – 2000 MHz) EMR levels measured above 
background from the RAPS generator. 
 
9.2 EMR Emissions from Inverters 
9.2.1 ELF EMR Emissions from Inverters 
RAPS inverters do emit ELF magnetic fields greater than 4 mG.  However, the 
positioning of these devices at distances greater than 160cm, from regularly 
occupied areas should ensure that this level is not exceeded. 
The measured ELF electric fields emitted by inverters do not appear to be at 
significant enough levels to warrant any concern. 
 
Designers of RAPS systems should take note that the size of the inverter is not a 
true indication of the distance required ie smaller inverters produce weaker field 
strengths. 
 
9.2.2 VLF EMR Emissions from Inverters 
The measured VLF magnetic and electric fields emitted by inverters do not 
appear to be at significant enough levels to warrant any concern. 
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9.2.3 RF EMR Emissions from Inverters 
Measurements indicated that there were some RF EMR emissions from the 
RAPS inverter above background levels in the 0.15 to 77.5 MHz bandwidth. 
 
There were no significant RF EMR levels measured in the 77.5 to 2000 MHz 
bandwidth. 
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10 Recommendations 
Until research determines whether there are health hazards hazards with chronic 
exposure to low level EMR in the ELF, VLF and RF bands a precautionary 
approach is advisable. 
 
Simple steps like the appropriate placement of the various components of RAPS 
systems ie at distances greater than 160cm for inverters and generators from 
regularly occupied areas are recommended. 
 
The elevated levels of RF EMR emitted by RAPS inverters in the 0.15 to 77.5 
MHz bandwidth should be investigated further.  In particular, the reduction of 
these elevated levels, using technical solutions of minimal cost.  This is because 
there is a possibility of health hazards being associated with long term exposure 
to low level RF EMR. 
 
As the technology of RAPS systems develops, the levels of EMR from RAPS 
system components should be checked. 
 
EMR testing of inverters and generators should be included in the standards for 
RAPS systems. 
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Appendix A  Measurement Equipment 
A.1 Holaday Hi-3604 ELF / Power Frequency EMF Survey Meter 
The ELF meter was calibrated by the Australian Radiation Protection and 
Nuclear Safety Agency (ARPANSA) in 2001.  The meter was found to be within 
manufacturer’s accuracy specifications with an uncertainty of ± 5.0% 
(ARPANSA Calibration Report). 
 
A.2 Holaday Hi-3603 VDT/VLF Radiation Survey Meter 
The VLF meter was originally calibrated by the manufacturer to its accuracy 
specifications.  The VLF meter is very similar in design and is produced by the 
same manufacturer as the ELF meter.  It also has a very simular history as the 
ELF meter.  Therefore, it is reasonable to assume that the accuracy of the VLF 
meter will be simular to that of the ELF meter. 
 
A.3 Protek RF Field Strength Analyser 
The RF meter was hired from Tech-rentals a national technology hire company.  
This meter was calibrated and found to be within manufacturer’s accuracy 
specifications with an uncertainty of ± 3dB (manufacturer’s operation manual).  
This calibration is traceable to a national standard. 
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Appendix B  Data Smoothing 
The RF EME emissions that are being investigated should be broad in nature.  
There is a need to ensure that high or short range fluctuations and transient 
disturbances, sometimes know as random noise are eliminated.  This can be 
achieved using a process called n point smoothing or the method of least squares 
using orthogonal polynomials. 
 
“The method of least squares with orthogonal polynomials may be applied 
to the problem of smoothing data, when these data are observations of some 
unknown function f(x).  We assume that the interval between the equally 
spaced values is small enough so that f(x) can be represented over several 
consecutive values with sufficient accuracy by a polynomial of degree m.  
Then by least squares we fit a polynomial of degree m to n + 1 consecutive 
values obtained by observation, where n > m, and use the calculated values 
in place of the observed values. 
 
It is convenient to take the degree m to be odd and the number n + 1 of 
points also odd.  It is also convenient to select the midpoint of the range as 
the one whose value will be calculated from the approximating polynomial.  
For example, if m = 3 and n + 1 = 5 points, the midpoint is then x2.  If yo, y1, 
y2, y3, y4 are five consecutive observed values, and the method of least 
squares is applied with orthogonal polynomials, we obtain the following 
third-degree five-point formula to give the smoothed value y2 of y2. 
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A formula of this type may be applied several times to a set of data, but 
should not be repeated too many times or the trend of the original data may 
be affected drastically (Kelly, 1967).” 
 
“Easyplot computes a curve by replacing each original data point by the 
average of it and N-1 of its neighbours, where N is the size of the 
smoothing window. 
Easyplot centres the smoothing window on the data points.  When the 
window extends off the data set, Easyplot averages fewer than N points.  It 
uses only the real data; it does not pad the data.  At the first and last data 
point, it averages only N/2 data points.  The smoothed curve has the same 
number of data points as the original curve (Karon, 1992).” 
 
A size seven, sliding data window was used to smooth the plotted values.  This 
means that the data smoothing was completed using a fifth-degree seven-point 
formula (Equation 13). 
 
[ ]65432103 5307513175305231
1 yyyyyyyy +−+++−=  Equation 13 
This treatment smoothed out the plotted points, making it easier to identify any 
broad RF signals that may have been a result of the operating equipment. 
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Appendix C  RAPS System Equipment – Data Sheets 
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2.5 DIESEL GENERATOR UNIT 
2.5.1 General 
The system typically consists of one or two diesel generator units with individual 
plant protection.  The units can be operated with a parallel run capability, 
provided that suitable load sharing and parallel diesel control equipment are 
installed. 
All engines should be fitted with either mechanical or electronic Al governing 
systems. 
2.5.2 Control Requirements 
The diesel generators should have low oil pressure, high engine temperature, 
engine under and over speed and alternator under voltage monitoring devices 
fitted to shutdown the genset under a local fault condition. 
A three position ‘LOCAL’, ‘OFF’ ‘REMOTE’ switch should be included on the 
genset control panel to allow the genset to be started and stopped from a remote 
location (ie the 3P-SPP) via a single voltage free contact when the switch is in 
the ‘REMOTE’ position.  Starting of the genset from the diesel control panel 
should be inhibited. 
With the switch in the ‘LOCAL’ position, starting and stopping the genset from 
the diesel control panel for testing purposes should be made possible. 
Selection of the ‘OFF’ mode should inhibit local or remote starting of the genset. 
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2.5.3 Modes of Operation 
The diesel generators can be run in a fully automatic mode in conjunction with 
the inverter module or alternately operated in a manual mode without the support 
of the inverter module. 
A four position rotary switch on the 3P-SPP system implements an additional 
bypass mode for each genset in the event that control of the diesel generators 
cannot be achieved from the SPP keypad. 
The selector switch has four positions labelled, ‘AUTO’, ‘OFF’, ‘START’ and 
‘RUN’. 
a) Automatic Mode 
With the selector switch in the ‘Auto’ position the starting and stopping of the 
diesel generator is automatically controlled by the 3P-SPP through various 
operating modes entered via the keypad. During start up of an engine, its 
transient alarms should be suppressed for an initial period. If the engine fails to 
start then it will be locked out from use and a fault condition will be displayed 
after which the alternate diesel will be started and brought on line in 
synchronisation with the inverter module to supply the load. 
A semi automatic start may be initiated from the 3P-SPP keypad whereby either 
generator set can be forced to start and brought on line in synchronisation with 
the inverter module to supply the load and/or charge the batteries. 
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The stopping sequence is initiated when the battery is charged to a pre 
determined level and the site load falls below a defined ‘low load’ point for the 
system. 
b) Manual Mode 
With the selector switch still in the ‘Auto’ position the diesel generators can be 
operated in a ‘manual’ mode from the 3P-SPP keypad which will cause them to 
start, warm up for a pre-set period then connect to the site load. They will 
continue to run continuously in this mode without the use of the inverter module. 
System monitoring will be active in this mode. 
c) Bypass Mode 
Running of the diesel generator using the bypass selector switch on the 3P-SPP 
system will operate the gensets without any of the SPP system control or 
monitoring being active. When the selector switch is moved to the ‘START’ 
position the relevant diesel generator will be started. Moving the selector switch 
to the ‘RUN’ position will cause the diesel to be brought on line to supply the 
load. 
2.5.4 Instrumentation 
The following meters should be fitted to the diesel control panel for analysis of 
the diesel operating parameters: 
Generator voltmeter    Generator frequency meter 
Generator ammeter    Generator hour meter 
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